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Abstrract 
This thesis investigates sediment transport by slow mass movement 
within a small upland catchment area near Stanhope in Weardale, N. 
England. In thE. field, emphasis is placed on measurements of the rate 
and spatial distribution of mass movement; in the laboratory, a possible 
mechanism for slow movement has been investigated in several controlled 
experiments. 
A review of the literature on slow mass movement processes indi-
cates that there i~ r.onsid~r!!ble confusion ever terminology. Terms sudt 
as creep, slow Rnass flow and soil slip imply that the mechanism of 
movement is knuwn, whereas they are usually intended to be descriptive. 
An alternative c.lassification of movement is suggested which separates 
description, knowledge of mechanism and knowledge of the domain in 
which a process operates. The term slow n1ass 1noven1.ent -(S.M.M) is 
used throughout this thesis to refer to downslope displacement of soil par-
ticles at a rate expressed in mm2 /yr but whose mechanism of movement 
is not necessarily known. 
A fieldwork programme was established to measure superficial slow 
mass movement rates in an upland catchment area for a period of two 
years. Data we.re recorded from seventy 1m2 measurement plots at 
monthly intervals. Each plot contained four instruments recording mass 
movement, thus allowing comparison within as well as between plots. The 
experimental design allows analysis of the effects of slope angle, vegeta-
tion type and soil texture on movement patterns and rates. The general 
xiii 
aim is to develop an understanding of how S.M.M. relates to physical 
and ecological variables in an upland catchment area and to assess its 
importance as an: erosional process. 
The instruments used are techniques, or modifications of techniques 
which have been described and used successfully by several previous re-
searchers. These include Anderson's Tubes, Anderson's Inclinometer 
Pegs and Young's Pits. Measurements were also taken of water table 
levels and of the shear strength of soils at all plots at regular intervals 
in order to assess how the mechanical properties of soils may change in 
situ, over short time periods. These changes are related to the temporal 
patterns of S·.M.M. 
Associated with rapid mass movements such as landslides and mud-
flows are slowly deforming soil masses. Several slopes within the catch-
ment area appear to be exhibiting slow deformation. The mechanism of 
this process has been analysed by simulating the normal and shear forces 
imposed upon the soil mass in a stress-controlled, undrained, direct shear 
test. From this test the value of the yield stress of the soil can be de-
rived: tlus is the Il_!aximm_!l shear stress. ~he soil can withstand without 
undergoing continuous deformation. By comparing the yield stress with 
the predicted shear stress occurring in a natural slope it is possible to 
determine, according to a slope stability equation, whether continuous 
deformation could occur and at what rate it could proceed. 
The apparatus was used to determine the contribution that the 
natural soil structure and plant rootlets make towards strength during 
slow deformation. Previous analyses have measured either root tensile 
strength or root permeated soil shear strength. Neither of these tech-
niques is suitable because in the former case the frictional and apparent 
xiv 
cohesive strengths of the soil are ignored and in the latter case the forces 
imposed during testing far exceed those actually encountered in the field. 
The creep-shear test allows the tensile and shear components of 
strength to be combined with realistic shear stresses because the slow 
rates of strain which occur during testing allow roots to stretch along 
the zone of failure causing a tensile stress to build up in the roots, thus 
increasing the apparent cohesion of the soil. 
The research described in this thesis concentrates on substant~ating 
and amending previous ideas on the rate of slow mass movement, its 
temporal persistence and on variables which control its action. The in-
vestigation is based upon both empirical and theoretical methods with 
field observations being compared with t.hP. results from labcrn.tcry exper-
iments and also with theoretical ideas being analysed using data collected 
from a field experiment. 
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1.1 lintrodud.ion 
Soil particles on hillslopes are constantly su bject.ecl to electro-
chemical and mechanical stresses which, under t.be constant force of grav-
ity, tend to induce downslope displacement. This thesis investigates the 
physical processes of slow mass displacement of soil particles on natu-
ral hillslopes. Slope failure processes are not considered in detail except 
where slow mass movement prececle:s rapid failure. The distinction be-
tween slow and rapid mass movement is vague since few studies have 
related measured movement rates to movement mechanism. However, 
slow mass movement measurements from hillslope soils have commonly 
been obtained by recording observations over several years (Anderson 
1977; lvernova 1964; Young 1978). 
Generally speaking, displacement or translation of material from any 
given point in a soil mass rarely exceeds 50 m m per year and is usually 
considerably less. Such linear rates contrast with observed rates of land-
slide, rockfall, mud flow and debris flow events which are commonly an 
order of magnitude greater (Saunders and Young 1963). 
Slo\Y movement of materials, particularly crystalline solids, is often 
termed creep. In the engmeenng literature the term creep refers specifi-
cally to time dependent crystalline deformation ( Feltham 197()). In the 
earth sciences such processes have been used to describe the behaviour 
uf rock, snow and ice (Haefeli 19Ei5; Weertman 1957). The term crffp 
is <tvoided here as a desnipt.ive term for slow mass movement. of super-
ticir.l soils since it implies a pattern of behaviour that has never been 
'kJll••Il~li ;,1 ed for hill slope snils. 
A no1lwr basic disl indi"n must be mnde between snperticial move-
ment. and 1 h<d which (•ecnrs a1 dcp1 hs bc·yond the influence of seasunal 
4 
climatic fluctuation (Terzaghi 1953). Such a simple division may notal-
ways exist since groundwater fluctuations may cause seasonal variations 
in pore water pressures deep within soil masses. This thesis, however, 
only considers superficial soil masses with a maximum depth to bedrock 
of 2.5m and so no comparison is made between deep and superficial 
movement processes. 
Such superficial slow mass movement ( S.M .M.) will be affected by 
fluctuations of temperature and moisture within the soil. This depen-
dence is examined at one location and therefore for one set of climatic 
conditions. It. is fully recognised that. geographical variation of climate 
will account for considerable variation in the observed rates and perhaps 
in the J;nechanism of S.M.M. but the emphasis of this study is on quanti-
fying the effect of controlling variables at a location where these variables 
can be measured and monitored precisely. Furthermore, very few previ-
ous studies haYe attempted to test hypotheses of movement mechanism 
by empirical means, yet it is only a clear understanding of underlying 
process mechanics that will allow confident prediction. Therefore, by the 
collection of suitable empirical data, this thesis aims to answer questions 
relating t.o the mechanisms of S.M .M. and 1 he variables which control its 
action. 
1 . 2 l\1 e chan isms of m o\'e ment 
Four distinct mechanisms have been proposed to explain S.M .M .: ex-
pa nswn and contraction with net downslope movement (1v1 ose-
ley 1869; Davison 1~85, 1889: Young 1958.1\irkby ]96:). 1967; Washburn 
]!)67), viscous flow (Jetlrey·. 1!:122, .\!len 1~182.1. pure sheat· (Ter Stepa-
nian ]!107) ;;nd pat·ticulate diffw,;iou (<'nlling 19ti:L ]!)GG). 
All, singly ••r in combination. <·t.Jc tl1eoreticnlly <~ppc<tling <mel pl<tusi-
5 
ble but few studies have attempted to distinguish beh\·een these mecha-
nisms. It is generally recognised, however, that expansion and contrac-
tion forces caused by the freezing and thawing of pore water are primarily 
responsible for soil movement in periglacial environments, particularly 
in the processes of frost creep and gelifluction (Harris 1981; Washburn 
1967). The worl< of Hutchinson and Brunsclen (1975) has shown that 
the process of mudflowing can be successfully modelled by a viscous flow 
mechanism but the general applicability of such a model is disputed and 
its relevance to other slope phenomena such as solifluction or temperate 
S.M.M. has rarely been investigated. 
Soil displacement. resulting from the formation of distinct planes of 
failure is perhaps the best documented mechanism of mass movement, yet 
it has been shown to be extremely complex (Casagrande 1936; Chandler 
1972; Skempton 19.53; Terzaghi 19.50). 
All hillslope soils are subjected to shear stresses. lntergranular read-
justments only occur v.r hen grain to grain bonds are ruptured and surface 
friction forces overcome persistent concentration of shear stress, which 
results in the formation of distinct areas of shear failure and quiescent 
areas exhibiting no intergranular strain. The mechanism of pure shear 
describes deformation (of a soil mass) without rotation of individual par-
ticles. 
Evidence supporting this mechanism of S .Tvl.l\1. comes from strain 
records in boreholes (I\ojan 1968; Swanson and Swanston 1977) and 
visible slH''ar planes from excC1voted sk•JWS (Chandler and Pook 1971 ). 
A novel approoch in t bin king about slope development. came from 
Culling ( 196~). I 9GS) who proposed a model of part iculat.e diffusion in 
granlllcu· suils charact l'rised by <1 rCIJHI••lll and C1 du\\"nslope compcnwnt. 
\VI1en particles <He snb.it'cled 1" nc-t1ural disrupti\"(~ forces. This model 
·1a.s nul been wid('ly acccp11'd in ;,._q] nH·cllctllics li1c·ra1ure due 1u a. lock of 
6 
empirical and experimental evidence. There is dearly a need to establish 
experiments capable of testing Culling's theory. 
1.3 JLa nd foirnn A ssociat.io B1l 
Many earth surface processes produce distinctive or unique landforms 
which may be erosional or depositional in character. Several landforms 
have been causally linked with S.M .M .: however, such associations have 
rarely· been tested against geomorphometric and sedimentological data. 
For example, many researchers have proposed that on temperate slopes 
micro-forms such as terracettes or micro scarps result from slope move-
ments, just as there is a clear relationship between periglacial landforms 
and periglacial mass movement processes. S.JVI .M. has also been associ-
ated with bulging slope.~ which are thought. to indicate imminent rapid 
slope failure. As yet such evidence of transient morphological change is 
restricted to laboratory simulation experiments (Saito. 196.5 ). 
Classical theories of landscape development have invoked S.M .:t\-1. as 
a process capable of producing the convex upper component typical of 
slope profiles in temperate latitudes (Davis 1892; Gilbert 1 909). This 
is because, unlike wat.er, the erosive power of mass movement need not 
increase v-"rith distance from the watershed as the catchment size increases. 
Clearly it is important to establish a database incorporating information 
on 1 he spatial distribution of movement and its controlling variables 111 
urder tu test slope development models \\' hich incorporate S .M .M. 
~dony of 1lw landform associations suggf'sted ha\·e been disputed, usu-
al!~· on the grounds that the~· cannot he uniquely attributed to S.M.M.; 
11"\'.···\er, very fe"w at.1('mp1s have beeJ, lJ,;,dc tn relate empirical mea-
sill"t'lli\'JJ1s nf ~lupc muvcm<'JJ1 t.o geum(•l"phcomet.ric Y<1riables. Very lit.tle 
;,t1enti••JJ has beell given 1•• CClJTf'la1ing ~··il1extnre Rnd fabric struct.ure 
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t.o n1ovement rates. 
1.4 Theoretnca~ approach 
The overall strategy of this research has been to provide a quanti-
tative assessment of the importance of S.M.M. on hillslopes in a humid 
temperate climate. A detailed knowledge of erosion processes is impor-
tant because little can be said about past. or future adjustments to land-
forms until the rates, variables and mechanisms controlling earth surface 
processes are known. 
Until recently individual processes have rarely been studied in isola-
tion; rather the combined effects of all processes were lumped into single 
estimates of degradation in the form of gross sediment budgets. Such 
studies have been severely criticised for non representative sampling in 
both space and time because the underlying assumption that. all areas of a 
catchment. contribute equally to the budget seems unreasonable (Trimble. 
1965 ). Also the effects of individual processes cannot be easily isolated. 
Large disparities in budget contribution both spatially oncl by process 
in small upland catchments support Trimble's view ( D iet.rich and Dunne 
1978; Lehre 1982; Rapp 1960). 
The approach taken has been to identify the key variables control-
ling erosion by field and laboratory experimentation in order to produce 
a predictive model. Such a model must. be based upon the fundamental 
properties of soil particles and their behaviour when subjected to chem-
icaL electrical and mechanical forces. Thf' success of empirically tested 
models derived from kno\\'n mechanical princ-iples is ably clemonstrat.ecl 
by the work of Bagnolcl (195li, J'l(iti'l 111 <tc•>lian and Buvial transport of 
cohesionless sand. 
8 
1.5 Researclfn methodls 
Unlike many branches of physical sc1ence geomorphology is not ex-
clusively experimental and thus the adoption of such a methodology in 
the study of earth surface processes and landforms requires care. Con-
temporary models of hillslope processes are principally derived from an 
inductive, empirical approach encompassing a variety of measurement 
procedures and geographical locations. The criteria by which research hy-
potheses are tested will therefore. depend upon the context within which 
the experimental results were obtained and the inexorable variation of 
human interpretation (Waddington 1977). Of immediate concern to the 
study of hillslope processes is the question; Can experiments be devised 
which test the validity of a movement mechanism or distinguish between 
rival conjectured mechanisms? Commonly geomorphological experimen-
tation is limited by practical restrictions on the form of data which may 
be collected in the field. This problem is compounded when predictions 
from competing hypotheses overlap. 
Although many of the ideas and methods used in this research are 
adopted from established theories any shortcomings in the application 
of these theories to slope processes would not justify their rejection but 
rather a re-assessment of the context of their use. For example the deriva-
tion of rheological models and the use of rheological principles supple-
ments the application of .1\ ewt on ian mechanics to strain behaviour in 
soils. In this case empirircd information is needed to supplement. clas-
siccd theory. Therefore. S.:VI.I\1. resf'arcli cannot be a purely deductive 
operation. 
Popper's prillciple that p••'.':f'rftll Lyp.othcses or thet)ries should pro-
duce a dialogue of conjecture C:IJ•l rt·hlt;,1i••n lwtween t.,stabl<." and of1cn 
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unexpected predictions remains the most respected description of scien-
tific method (Medawar and Medawar 1985 ). Therefore, despite the un-
certainties surrounding refutation, and the possibilities that parallel or 
corresponding hypotheses may appear inseparable (Lakatos 1978), Pop-
per's model implies that the most powerful ideas will win through given 
an array of multiple working hypotheses. 
In broad terms this thesis takes two directions. 
First, the mechanisms of S.M .M. proposed by previOus researchers 
are viewed as competing working hypotheses and are assessed both the-
oretically and empirically. 
Second, extensive field measurement undertaken in an upland catch-
ment area assesses the spatial and temporal continuity of the processes 
within a recognisable hydrological system. In addition t.he PXper!ment::.1 
design allowed the hypot.hesed relationships of S.M .M. with slope gradi-
ent, vegetation cover and soil properties t.o be tested quantitatively. 
These directions have been achieved by the integration of field and 
laboratory measurement, and laboratory experimentation. 
1 . .5.1 Field measurement 
Field observation of slope processes has a very long history elating 
back to early Greek philosophers. Quantitative measurement. has only 
recently become widely adopted. The advent of techniques for mak-
ing precise measurements of process rat.es has allowed results obtained 
by different researchers t.o be compared quanf itat ively. This stimulated 
Leopold, VV'olman and Jvliller (19(14) into advocoting that a large data 
base of empirical field JHC•Cess data be establislwd with which to test 
models and theories. Quite ap<u1 frum implicitly auepting inductive 
mndelling, this suggestion :1ss11111f':-. C<•nsist,~ncy i11 tlw measurement t.ech-
niqne 11secl and the physicc-tl dnm<ti11 .,f ]H"cess s1 udied. Furl her, notation 
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and definitions must be clearly established and should be unambiguous. 
To date no such consensus exists, and, since no single model of move-
ment. mechanism is available against. which to test. a large data base, 
each research programme must tailor its field measurement requirements 
individually. 
Each of the following factors plays an important role 111 the final 
results obtained from any measurement programme: 
( i) Geographical extent of study area, 
( ii) temporal extent of study period, 
(iii) physical domain of study, 
( iv) measurement techniques employed, 
( v) experimental design. 
Firsi.. 1 be geograph1cal extent of the study area is related to the 
required level of spatial detail and the practical limit.at ions of instrument 
insertion and mutual interference. 
In the absence of correlative morphological features S.:tvl.M. has been 
assumed to occur ubiquitously over space varying only in rate of activ-
ity and depth of operation. The field observations from detailed pro-
cess studies by Eirkby (1963), Evans (1974), Anderson (1977), Finlayson 
( 197G) and Rashidi an ( 1984) all support. this assertion at the scale of first 
order drainage basins. A first order drainage basin is also used in this 
study not just for continuity but because it contains a broad range of 
landform. soil and vegetation t.ype within a limited .. and clearly defined 
topographic unit. It. also provides a convenient open system in terms of 
inputs, outputs and interned mass and energy transfer \Yithin which to 
model t.he influence of S.M.I\1. processes. 
Two a~ peels of time arc im port.<tnt in ~. ~d .:\1. research. First, long 
nbserv;11 inn pt>riod:; will he req11ired v;]lt'JJ 1 Cites are slnw and levels of 
r;,nd<l!11 \·;,riai.iun or dis1nrh<tnc<-' ;,.re high. Sec(•nd, the choice nf time 
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interval bet\\"cen measurement. depends upon t.he temporal continuity of 
the process, for example an infrequent event should be observed on seY-
eral occasions in order to substantiate knowledge of rates and durations. 
With regard to the length of observation period then clearly the 
longer the better. However, instrument imprecision may be reduced 
which offsets the problem to some extent.. The problem of temporal 
sampling is unresolved. 
Anderson and Cox ( 1986) have shown that short. term, even diurnal, 
variability exists although the contribution of short term fluctuation to 
long term trend could not be adequately assessed. This problem is not 
pursued further in this thesis bec-ause it requires continuous monitoring 
of movement in the field for further inYestigation. 
The domain of operatic111 of a prucess must lw recognised and clearly 
defined if instruments are to be designed which measure the required 
rather than extraneous variables. Erosion pins. used extensively by Rapp 
( 1960 ), Leopold, Wolman and Miller ( 1964) and Sc-humm ( 19G4). provide 
an example of a simple yet ambiguous technique to measure surface low-
ering because surface to pin head height. is affected by depositional as well 
as erosional processes. Due consideration must be given to the interaction 
and interdependency of processes within any given spatial domain. 
Formal experimental design has often been very v,·eak in geomor-
phological field measurement; it appears that most investigations have 
been exploratory rather than formal. A lmert ( 1980) and Church ( 1984) 
distinguish between field measurement and field experimentation on the 
grounds that the latt.er must be formulated t(. !t>st specific hypotheses. 
In practice such a distinct ion is less cobvic.us fur experimentation in the 
classical sense involves holding certain variables constant. while monitor-
ing other variables in a system where all energy cxchallges are accounted 
for. Such conclitiCins are usually impussible to lind or ;1rran,ge 111 the field. 
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It. is possible to cnnt.rnl certain key variables 111 the f-ield us1ng suitable 
research designs. For example, tl~e etfect of slope angle is often accounted 
for in runoff and rainsplash plot experiments \\·here treatment is applied 
to several plots at identical slope angles then repeated for different slope 
angles, as in classical trial experiments (Quansah, 1981 ). 
Techniques for the monitoring of S.l\1.~vl. haYe been documented and 
reviewed by Anderson and Finlayson (197.5) and Statham (1981) and 
are reassessed with recent additions in Chapter 3. Choice of the most 
suitable instrument for the scope and purpose of research is of paramount 
importance for this ultimately controls the precision and accuracy of the 
data obtained. 
Instruments selected must be suited to the process domain 111 ques-
tion. Instrument accuracy should be krwwn. and ideiill;' a!! 
sources of error clocumentecl and quantified. Any field calibration proce-
dures should also be carefully documented. 
Many instruments designed to measure S .M .M. are buried markers 
which may not accurately reflect the behaviour of ui1disturbecl soil par-
tides due to emplacement disturbance or the presence of inertial or drag 
forces on the instruments. Anderson and Cox ( 1978) provide a quan-
titative assessment of six instruments which provides the basis of the 
instrument selection for this thesis. 
1 . .5.2 Laboratory investigation 
Laboratory investigation is here divided into tvvo distinct categories. 
1. Quantitative assessment of soil properties. 
') Simulation experiments. 
First, accurate measurement of many geomorphological variables can 
only be achieved in the laborRtory. This brings <'tdvantages of pre-
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c1se, repeatable measurements but. also disadvantages because many soil 
testing procedures involve destructive sampling which pose problems of 
analysing seasonal variation in soil properties. If sample collection be 
attempted during data collection the effect of disturbance which may in-
volve a delayed response will be difficult to detect. Ideally soil sampling 
should only occur at the termination of research in order to mm1m1se 
measurement error. vVhere possible soil properties should be monitored 
using non-destructive sampling methods. 
Laboratory techniques in geomorphology are expanding rapidly. 
:t-.1any are capable of providing much useful information on S.M.M. of 
sampled soils and sediments. These include: 
(i) geotechnical tests of soil consistency,strength and rheological be-
havio.ur, 
( ii) microscopical analys1s of thin sections, 
(iii) scanning electron microscopy of soil fabrics and 
( iv) palaeo botanic analysis of organic inclusions especially pollen and 
wood samples. 
Second, simulation studies provide an extremely important role in 
hypothesis testing by allowing the reconstruction of field conditions of-
ten with space scaled clown and time speeded up (Thomes 1979). Such 
an approach is very valuable in S.M.l\.1. research because no great scale 
changes are necessary in eit.her space or time (Kirkby 1963,1967). Major 
problems can be encountered, however, in attempting to reconstruct field 
conditions in the laboratory particu"larly with hydrological and biologi-
cal variables. Simulation experiments with the extremes of possible field 
conditions can provide valuable insights into tlw range of possible process 
responses and may form the empirical basis of a predictive model. 
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2.1 ]ntroduction 
Modern geomorphological research on hillslopes is primarily eli-
rected towards field measurement. laboratory experimentation and 
theoretical modelling of degraclational processes. Studies involving 
detailed field measurement and experimentation have been notably 
successful in determining rates of operation and isolating controlling 
variables for individual hillslope processes (Mosley 1981 ). 
Recently slow mass movement has been the focus of considerable 
quantitative research from geomorphologists. This has involved work 
on measurement techniques (Finlayson 1977; Young 1978; A nclerson 
and Cox 1978; Auzet 1981), investigations of factors which influence 
S.M.M. in the field (Finlayson 1977; Anderson and Cox 1984, 1966) 
and theoretical modelling (Culling 1981, 1983a, 1983b, 1983c; Kirkby 
1982 ). Engineering geologists are becoming increasingly aware of the 
important role slow deformation plays in consolidation and failure 
phenomena on many natural slopes other than the well documented 
. 
sensitive clays (Mitchell 1976; Pusch 1979; Morgenstern 1981). In 
addition a great deal of recent research has been directed towards 
fundamental aspects of soil behaviour such as its response to thermal 
stress (Demars and Charles 1982), phase changes in pore fluids (Kon-
rad and .\Iorgenstern, 1980), changes in pore fluid chemistry (Carson 
1979) and stresses induced by surface vegetation. Clearly these stud-
ies are of \lirect rf:'levance to the understanding of uear surface mass 
movenH·nt phetJomena. 
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Despite the wealth of recent empirical data on slow mass moYe-
ment processes, technological improvements iu data collection and soil 
testing procedures, and several novel approaches to mass movement 
modelling, no attempt has been made to collate these recent advances. 
Previous reviews by Kirkby (1963), Carson and Kirkby (1972), 
Young ( 1972) and Anderson ( 1977) have not been comprehensive nor 
have they been able to provide a quantitative appraisal of instrument 
performance and measurement practices and procedures. 
2.2 Aims 
This review IS intended to provide a comprehensive survey and 
critique of geumorpholne;ir<Jl rPSe<l.rrh on slo'.'.' m~::;::; mo-.·cmeilt of su;]::, 
on temperate hillslopes, the environment of the author's field research. 
To elate there has been no systematic survey of the mechanical and 
geotechnical aproaches to slow mass movement despite recognition of 
this work by geomorphologists (Carson and Kirkby 1972; Statham 
1977 ). This work is particularly relevant to movement_ processes in 
soils which possess a dominantly clay matrix where rheological be-
haviour is complex and theoretical models based upon discrete parti-
cles appear inadequate. 
The task of identifying general mechanisms from individual case 
studies is problematic. Many studies which claim to describe mass 
movement phenonema are based on qualitative and sometimes spec-
ulati\·e evidence such as the displacement of walls, trees and other 
st.rudures cannot be uniquely attributed to S.Ivl.~l. On the other 
18 
hand. some quantitative studies have used crude methods of data 
collection and too few possess a systematic research design. 
Despite such problems research is discussed according t.o the mode 
of behaviour envisaged by each author with a view to encouraging the 
development of general theories of slow mass movement. 
It is also intended to clarify inconsistencies in terminology and 
notation between researchers which are particularly prevalent clue to 
the multidisciplinary nature of the subject. 
2.3 Sources 
The majority of articles referred to are written in English, French 
or German; fortunately much Soviet, Romanian and Polish work has 
been either translated or published in English. lT npublishecl references 
include recent conference papers, theses and personal discussions. 
Geological and geotechnical publications have been critically se-
lectecl to include only the most substantial contributions relevant to 
natural hillslopes. These have been drawn from six principal sources; 
Bulletin of the Geological Society of America. Canadian Geotechni-
cal Journal, Geotechnical Engineering, Geotechnique, Journal of the 
Geotechnical Engineering Di\'ision of the American Society of Civil 
Engineers, and the proceedings of several spt'cialist conferences. 
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2.4 lEady Ideas 
2.4.1 The Growth of Fluvialism 
Mankind has long been interested Ill processes of mass move-
ment of hillslopes. From earliest. times references are m acle to rapid 
and catastrophic processes such as rockfalls, lanclslips and avalanches. 
However. widespread recognition of slow mass movement processes or 
indeed any slow acting or small scale geomorphological event did not. 
occur until the late nineteenth century when the uniformitarian ideas 
of James Hutton (1726-91) and John Playfair (1748-1819) had gained 
worldwide acceptance by earth scientists and, perhaps for the first 
time, provided the stimulus for studying the less dramatic geological 
processes. Hutton's concept of geological time, succinctly summarised 
in .his famous phrase ... no vestige of a beginning, no prusput of un 
end, attested to the belief that the incessant and prolonged operation 
• 
of fluvial processes was the primary mechantsm for continental clegra-
dation. Hutton and his immediate uniformitarian followers Charles 
Lyell (1797-1875) in Britain and James Dwight Dana in the United 
States of America thus provided the conceptual platform from which 
began the systematic and detailed scientific study of the processes of 
clegra.clat.ion on hillslopes. 
It is ironic that one of the first scientific discussions of slow 
mass m•wement (of geodngicalmaterial was made by Abraham Gott.lob 
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\Verner ( 1749-1811), a contemporary of Hutton and a bitter opponent. 
of uniformitarianism. Werner claimed that the bedding st.ructur:=s of 
the oldest rocks resulted from the slumping and flowing of volcanic 
deposits while they were still in a plastic state. \Verner's ideas, widely 
accept.ed at. the time, particularly in Germany, were very successful 
in explaining the structure of volcanic regions and farsighted when 
modern knowledge of dilatant. creep in rock is considered. 
Notable early studies of fluvial processes are described by Chorley, 
Dunn and Beckinsale ( 1964) and Chandler ( 1982) to which further 
reference may be made. 
2.4.2 Early Theory 
Henry Moseley, a clergyman and amateur scientist, produced a 
quantitative model invoking non-isotropic expansion and contraction 
of an inclined but otherwise uniform body due to the action of gravita-
tional force aiding downward expansion or contraction but retarding 
upward expansion or contract.ion (Moseley 1869). The result of con-
tinued cycles of expansion and contraction, induced by heating and 
cooling for example, was a gradual downslope motion proportional to 
slope gradient: 
(/ length of body 
a·e·D.i·tanB 
f.l· 
e = coefficient of expansion 
f.' cudti c if'll t of fri ct iun bet ween body slope 
e = slope <mgle t enlJH'r<t t ure rise 
Eq uat.ion 2 ( 1) 
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Moseley tested his model by observing the rate of motion of a 
piece of detached lead sheeting on Bristol Cathedral roof. Although 
the experimental verification of the model was hardly exhaustive this 
deductive approach was rare in the geological sciences at the time and 
the physical basis of the model remains unchallenged today. 
Several of Moseley's contemporaries, including Lesley ( 18.56), 
Anstead ( 1871), Mallet and Fuchs, made passing reference to the exis-
tence of slow mass movement processes on soil-covered hillslopes. For 
example Lesley, an American exploratory geologist ( 18.56 p.35), noted 
.. all soils slide .. in fact the whole surface of all hills have been in slow 
but perpetual movement downward from tht: beginning, so that in the 
present day the soil or weathered broken edge of any stratllm overlies 
. 
th c strata below it, while it is itself covered hy the soil of scm c stTatiim 
o.borc If. On slight slopes this translation of material has gone to no 
great distance, but on slopts of 20° or 30° the smut of a given coal 
bt"d has probably been drawn out in a long knife-like wedge. the edge 
of which is to be seen many yards bclou• its proper place. \Vhat is not 
clear from the writings of these researchers is how much importance 
they attributed to slow soil movement as an agent in sculpturing the 
landscape. 
C 'N yvillc Thomson ( 1877) described features he termed ston r 
nvcrs on t.he hillslopes of East Falkland Island. His proposed mech-
an1sm for the transportation of large quartzite blocks from resistant 
strata !.t.• valley sides and floor is a gra.clual creeping of a fine soil ma-
trix witl1 the larger blocks entrained within it. \Vlwn the fines are 
somehow washed out or eroded away t.he characteristic stone stream 
featun·s persist. Thomson (1~11. p;31;0) stated it MCnl$ to me srlf 
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culdcnt that whcncun thcrc zs a slope, be it cucr so gentlc, the soil 
ca.p ·m·ust be in motiorz, be the rnotion cucr so slow .. James Geikie 
( 1877, p 397) commenting on Thomson's proposed mechanism ar-
gued that the soil cap being .. acted upon by frost, is forced to moue 
downslope, a movement which 1s of conrsc tuded by a uis a iergo, the 
weight of the descending mass. Geikie thus supported the principle 
but he doubted that the process was geomorphologically significant 
compared with fluvial erosion on hillslopes. He compared Thomson's 
Falkland stone riucrs with earth glac1ers described by a Dr Haydon 
in the Rocky Mountains of the USA and also noted that Robert Mal-
let and Theodor Fuchs had previously proposed the same mechanism 
for soil cap motion. P.S. Abraham (1877) also commented on Thom-
son's 1877 paper, noting similar features in the Hartz Mountains and 
offering an alternative mechanism. He proposes that weathering of 
tors results in rockfall and subsequent downslope deposition. Direct 
compansnn of features is impossible due to the lack of morphological 
evidence. A braham also appears to have been one of the first people to 
attribute outcrop curvature to surficial soil movement, ... although the 
slope of the hill is not high, thcconstant weight ofthe super-incumbent 
earth and rubbish. bearing downwards for ages, would, it seems to me, 
be enough to cause 8uch a result (Abraham 1877, p.431). 
2.4.3 Geomorphological literature- early ideas 
The term soil n·eep was used by \V .M. Davis to denote the slow 
mass movement of soils. supposedly responsible for the upper con-
vPxity of t.he l1illslope protiles he observed t.ht<'>llghnut tempende !at-
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itucles. Davis's ( 189~) paper represents one of the earliest deductive 
approaches to the study of hillslope processes through his hypothesed 
creep n1.echanism for explaining the convexity of drainage divides. 
Although Davis never addressed himself to testing his hypothesis em-
pirically, be challenged existing ideas on hillslope erosion processe-s, 
stimulating discussion, and later a considerable amount of empirical 
research. 
Of similar historical interest is an important paper by Beeby 
Thompson ( 1896-97) which considers the physical and chemical prin-
ciples of the denudation of clay slopes of the Upper Lias in Northamp-
tonshire. Thompson summarises his discussion of the creeping of su-
perficial material thus: clay slopes that arc only intermittently 
tzon, also to further denu.datlon and slipping when thoroughlp wdtcd 
bcca uH of the greater scpara.tion of the particles and the fluid lubricant 
between thrm, both of which actions tend to bring hillsides to the angle 
of rcpou of .wal~cd cla.p. By contrast with Davis's, and later Gilbert's 
deductive approach, Thompson presents a clear and cogent. argument 
for the existence of denudation by superficial creep from empirical 
. 
observations and mechanical reasoning. For example, Thompson de-
scribes the mechanism of desiccation creep in some detail paying par-
t.icular at tent ion t.o the ability of clays to absorb and retain moisture 
through the sequence of wetting and drying phases; clearly he was well 
aware ,,f the regulating effect. that antecedent moisture content would 
hnve on the wetting of a clay mass following a prolonged period of 
clesicca.t.ion. Thompson cites comparative measureme-nts made of the 
shrinkage of natural and tired clay bricks to support his observations 
24 
and claims Lias clay shrinkage of 20Si:: is possible. In addition to this 
early experimental evidence ~ome consider at ion is given to mechanical 
and stratigraphic ideas. In p<:.rt icular, the concept. of a geomorphic 
threshold is implicit in the following quotations: .. gravity alone will 
tend to reduce the angle of slope, when it happens to be greater than 
the angle of rrpose of soab:d clay, though Ngetat1on may hal·e cL great 
retarding inflnence on this and .... the greater coefficient of friction 
of merely damp clay may delay the movement, so as to render it more 
spasmodic. 
R.J. Chandler (1982) m drawing attention to Thompson's per-
spicacious contribution to the study of slope processes attributes the 
first description of desiccatnon creep to Thompson. HoweYer, G.K. 
GilbeJ·t ( 1909), in a similar Pxp0!0it0ry whi-:h, attribute~ the fir:;t scic:n-
tific description of this process to Davis ( 1892 ). It is of no particular 
significance who was first to publish an account of the desiccation 
creep process but what is important is that early workers realised the 
significance of the apparently station@\l"y process of freezing and thaw-
ing, heating and cooling and wetting and drying as mechanisms for 
both downslope displacement of particles and _ providing sites for 
the initiation of rills and gullies. 
The experimental work of Charles Davison ( 1888, 1889), >vhich is 
based upon Tvloseley's original model of particle movement, is the first 
deductive study of insolation creep. Davison's ( 1888) work was far 
sighted; he first undertook to replicate the results of Moseley, using 
clay bricks. t heu sandstone flags. On finding close agreement with 
"t\.'loseley he attempted to analyse the model further by varying several 
important parameters such as particle size ~· .. efficient uf expansion 
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(particle type). tempered ure range, and slope angle. Despite the lack 
of replication in his experiments, Davison took careful measurements 
paying considerable attention to detail. He noted that movement rates 
were particularly sensitive to rapid rates of change of temperature and 
changes in the coefficient of friction between particle and base. 
Davison obtained rates of movement for insolation rock creep of 
0.004 em - 1.52 em per year on a 30° slope, so clearly the process 
was very effective. However, Davison notes that fabric shape \Vill 
greatly reel uce overall rates by constricting movement and increasing 
interparticle friction. 
By the late 19th ·century, Quaternary geologists were beginning to 
recognise unusual stratigraphy and fabric shapes in unlithifiecl cliam-
ldorilSin the margins of known ice cap limits. Kerr ( 1881) attributed 
such a deposit to the action of frn-:t- or f!·ost creep, primn.rily because' 
of the sorted nature of the material and the downslope orientation of 
large clasts. 
Davison ( 1889) attempted to simulate this hypothetical process 
experimentally by subjecting a variety of soil types to several freeze-
thaw cycles and measuring the displacement of marked particles. Dis-
• 
placement was observed to be directly proportional to the number 
of freeze-thaw events but explaining a depth-movement decay curve 
in terms of the depth of frost penetration proved difficult. Davi-
son was particularly concerned that observed depths of frost penetra-
tion in temperate and alpine climates were insufficient to explain the 
sorting and stratigraphy of deep deposits such as thost:> described by 
Kerr(l881). 
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2.5 Geo nnon·pho~ogical studies of S .l\ll. M. 
The experimental work of Charles Davison marks an important 
progression whereby hypotheses are tested by experiments. The con-
t.inuat.ion of experimental research in geomorphology ran be traced 
with particular reference to mass movement of slopes in periglacial 
environments (Andersson 1906; Lozinski 1912). At this time, inso-
lation creep (frost. creep) and slow viscous tlow were considered the 
most likely mechanisms for the observed downslope movement of soils. 
However, further research has revealed a much more complex picture. 
Terzaghi, who so influenced soil mechanics by recognising the im-
portance of pore water pressures in defining the effective stress of a 
soil, recognised that slow displacement by internal shear may occur in 
soil masses in response to gradual increases in stress. A similar mech-
anism of crystalline shearing was thought to occur in rock masses, 
and M. Lugeon described this process as early as 1922 in the eastern 
European Alps. Shear failures in shallow soil masses have been de-
scribed by many researchers, particularly by Chandler ( 1972). Such 
deformation may only result in translational displacement of a few 
em and the movement can mimic solifluction or slow fl.ovv. Ho\\'ever, 
it is the result of failure a bout a discrete shear plane, asociated with 
high positive pore water pressure. For example, within the periglacial 
environment, Morgenstern ( 1981) and others have studied the pro-
cess of displacement associated with ice ·lenses near the freezing front. 
Within a temperate environment, Iverson ( 1986) has quantified the 
patterns of shear displacement at the base of landslides which exhibit 
unsteady, nonuniform motion. Shear processes are still poorly under-
stood because of the difficultv of collecting precise em pirica.l data. In 
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particular, shallow soil masses have received little attention outside 
of periglacial regions. 
A fourth class of mechanism, particulate diffusion, was proposed 
by Culling ( 1963) to account for S .M .M. in granular soils. Culling's 
theory describes the natural disturbance of part ides as a type of Brow-
n1an motion in which slope gradient introduces a downslope compo-
nent to an otherwise random displacement. pattern. He assumes that 
particles behave independently of each other and that the grain size 
distribution of the soil governs its susceptibility to movement. The 
theory describes the physical forces promoting motion in very general 
terms t\or:'o~hequat ions for drift and diffusion components. The.soil it-
self is described in only one dimension. Recent empirical research by 
Flavell ( 1986) undertakes-to test predicted changes in soil porosity 
downslope of a barrier which partially impedes S . .f\I..f\1. Her results 
do indicate increased packing upslope of the barrier but this could 
be due to a variety of other processes. The theory requires further 
empirical support as well as discussion of the origin of fabric shape 
and the behaviour to the process at different soil depths. 
Several attempts have been made to clarify the various theories 
of S.M .M. and their physical effects. These accounts fall into two 
groups, the lumpers and the splitters. 
2 .. 5.1 Splitters 
Classitlcations of mass movement phenomena are often based on 
the morphology of landform which results from their action despite 
the fact that similar landforms can result. fr•JI11 different processes of 
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movement. For example, Hutchinson ( 1968 ), 111 a widely referenced 
classification scheme, separates periglacial processes on the basis of 
their landform assemblage alone. Carson and Kirkby ( 1972) at tempt 
to reconcile this problem of arbitrary classification by splitting all 
mass movements into a threefold scheme of slide, flow and heave pro-
cesses, regulated by moisture content (figure 2.1 ). Although theoreti-
cally appealing, this scheme is based upon very specific definitions of 
slide, flow and hea\'e and is thus not exhaustive. Variables which tend 
to promote shearing or sliding will not necessarily be inversely corre-
lated with those tending to promote viscous flow. For example, the 
shear strength of sand will increase with increasing moisture content 
until dilatancy, associated with positive p~He water pressures, causing 
either flow or shear to occur depending on other factors such as the 
magnitude and rate of build-up of stress. It is also difficult. to imagine 
a situation in which soil heaving occurs independently of forces which 
rt>strict. particulate shearing, bearing in mind the granulometric and 
hydraulic parameters which regulate frost heaving. 
Other researches have proposed a variety of schemes to en com pass 
both mechanisms of movement and the landforms which result from 
that movement. Sharpe ( 193.8) differentiates processes into sliding 
and tlmving, Varnes ( 19.58) includes falls, slides, flows, and cofi:ibina-
tions of these, and Varnes ( 197.5) adds topples and lateral spreads in 
his 19.58 scheme (figure 2.2). Despite the appealing simplicity of the 
classification schemes there is no unequivocal empirical evidence to 
characterise S.1v1.1L as the simple flow phenomenon often envisaged or 
that movement proceeds in a similar fashion in all soil types. The clas-
sillcations of Varnes and Hutchinson are further subdivided according 
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'igure 2.1 Classification of mass movement processes (after Carson and 
Kirkby 1972) 
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Classification of mass movement processes (after Sharpe 1938, 
Varnes 1958, 1975) 
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to material type and Sharpe also considers the effect of increasing 
moisture and ice content on mechanism of mo\·ement. However, the 
schemes could equally well have been divided on other parameters, 
stress state, or degree of consolidation, for example. 
There seems little purpose in classifying processes unless there be 
a mechanical reason for doing so. Otherwise an infinite number of 
somewhat arbitrary divisions will exist, many of vvbich may have no 
physical basis. 
2.5.2 Lumpers 
Several periglacial geomorphologists have pointed out the naivete 
of simplt:> !!!~ss !11overrlent cbssifications. Dylil. ( 1967) suggests that 
a continuum exists between slow and rapid movement processes. He 
proposes that moisture status regulates the path\Vay of the process 
where the potential for S.M .M. is a property of the soil matrix but 
the execution of that potential is a function of the local moisture 
conditions. This idea is similar to J. Ross Mackay's hypothesis for 
moisture regulation of pingo development (Mackay 1981 ). 
Another method of integrating processes is to base research on 
measurements of sediment transport where t.he effects of inclivicl ual 
processes are combined. McRoberts and Morgenstern ( 1914) suggest, 
rat her unhelpfully, that separation of the effects of fl. ow, frost creep, 
and <"onsoliclat.ion is impossible in the f-ield and consequently, they 
argue, any such distinction is of little practical rele\·ance. 
A further approach to resolving geomorphological ideas on SJvl.M. 
has been t.o chararterisf' their ac1 ion. either incliviclually or collert.ively, 
32 
by mathematiccd models. Examples of models relating to slow viscous 
flow are given by Allen ( 1962), Brunner et al.( 197.5), Jeffrey ( 1922), 
Johnson (1910) and Scheidegger (1970). Models of a more general 
nature have been suggested by Culling ( 1963) and Kirk by ( 1967). 
These and others have been reviewed by Cox ( 191!:J) in which criticism 
IS made where no plausible process mechanism is suggested. 
On the other hand Allen (1982), Culling (1963), Jeffrey (1922) 
and Johnson ( 1970) proposed models of movement which, in principle, 
can be tested experimentally. However, very few studies have sought 
to test theoretical predictions in the field and so no consensus emerges 
from geomorphological studies of S.M .M. so far. In addition, most 
empirical studies of S.M .M. fail to entertain more than one working 
hypothesis for movement so that mechanisms. cannot distinguished 
from the data. This has resulted in a ruling hypothesis that S.M.M. 
is a tlow process although there is a lack of empirical evidence to 
support this. 
It. is dear that despite mawr geographical variations, the funda-
mental physical parameter controlling mass movement phenomena, 
gravitational acceleration, is effectively ubiquitous and constant and 
so mass movement can only vary according to the energetics of the 
geomorphic system in question and the rheological properties of mass 
with inth at system. 
Rheology has rarely been consider~d by geomorphologists, with 
the obvious exception of those concerned with glacial physics, yet 
the intrillsic bt·liavi•,lll of material when stressed, whic!I is ignored in 
classical Newt .. nJan lllt>rhanic:;. must be of paramount importance to 
t.he understanding "f sk•w :-.oil deformation. 
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2 . 6 G eo tech lll i c a i s t 1lB d i e s of § .l\'1 . M . 
Geotechnical studies of soils are often applied to specific practical 
problems. Many soils exhibit. creep either naturally or during consol-
idation. Safe loading stresses are normally determined by laboratory 
study of rates of deformation (Mitchell, Campenella and Singh 1968). 
Fleming and Johnson ( 1975) were among the first soil engineers 
to study in situ creep. They confined their interest to a silty clay soil 
around San Francisco, USA, the movement of which seemed respon-
sible for much structural damage. Their results show a significant 
positive cr9ss correlation bet\veen moisture content and movement. 
They also suggested that a log-linear relationship exist.s hPtw#C'e!! di~­
placement and time. 
This is a significant result for two reasons. First it implies that 
creep does not occur continususly in the field under a constant applied 
stress. and if continuous movement. be observed then other environ-
mental factors are involved. Secondly the relationship observed may 
be similar to that of high temperature creep. A longer study time will 
be necessary to determine if microfabric alteration woulcl.eventually 
lead to softening and extended displacement. or failure. 
Morgenstern ( 1981) reviews recent research on slow soil determi-
nation in a permafrost environment. Result.s show a good correlation 
between ice-rich segments of the material and high creep rates. It. is 
also noted that lateral movements clue to set.tlement when measured 
in the field are not easily distinguished from creep movements. 
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Morgenstern ·s laboratory results indicate that a power law sum-
marises the stress-strain relationship of deformation in an ice rich soil. 
Pusch and Feltham ( 1980) propose a stochastic model of creep 
behaviour in soils based on the assumption that creep is dependent 
upon stress and temperature; thermally activated slip being the most 
likely rate-determining process. The model is stochastic in the sense 
that it Yiews the soil as a heteroger(ous material with a variety of 
(possible) energy barriers to be overcome in a random order. 
Earlier rate process theories (Singh and Mitchell 1968; Pusch 
19 79) are based on the assumption that all energy barriers are of 
the same type. 
In the tests which they describe, pore-water pressures are ignored 
because these pressures should remain constant cl uring undrained 
tests. The physical model proposed by Pusch ( 1979 ), and Pusch and 
Felt ham ( 1980) \Vas derived from analysis of the microstructure of 
an illite clay deposit, using scanning electron micrographs to identify 
structures associated with stress induced deformation. 
In a clay the formation and movement of domains lead to the 
formation of rigid structural units, thus increasing internal friction. 
The formation of new inter-aggregate bonds increases shear resistance. 
The redistribution of microstresses into more concentrated areas pro-
duces an increased strain rate. 
From analyses of several types of clay the research shows that the 
linear stress-strain relationship only holds for moderate stresses. At. 
higher stresses an exponential function is more appropriate. 
Pusch and Fe! t ham further argue that the success of their isother-
mal model provides <t snlid basis for further systematic st11dies of 
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rate-determining processes. 
2. 7 Term nnollogy 
Sharpe ( 1938) terms S.lvl.M. a flow process regulated by mois-
ture or ice content without presenting evidence why this need be so. 
Parizek and Woodruff ( 1965) criticize Sharpe for ambiguity and for 
being all encompassing. They note that slow flowage is not a mecha-
nism which has been substantiated by observation or by experiment. 
They also criticize Sharpe, rather unfairly, for distinguishing processes 
by their rate when rates are difficult to measure in the short term. 
The- alternative given is a division into percept.ihlf' :1.nrl impPr<:eptib)e 
movement according to observability. This suggestion regresses from 
precise definitions of the mechanism of the movement process. Parizek 
and Woodruff (1965) define S..tvl.l\1. as slope melt .. downslope gnlu/-
tative transportation of s·urface and subsurface matt:rials deemed Jnl-
percepfible becanse of small displacement, slow movement or quantity 
of material moved. Here ideas such as perceptibility and observability 
take precedence over mechanism of movement and the precise descrip-
tion of the dept.h at which movement occurs and the rate at which 
it occurs. The fad that this scheme has not been widely adopted 
suggests that it is neither workable nor desirable. 
Terms for S.M.M. introduced by Terzaghi ( 1953) divide movement 
according to its temporal persistence (Seasonal creep - continuous 
creep). In a strict engineering sense the term creep refers to a time 
dependent process and this leads to some confusion in the literature. 
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In order to clarify and simplify description of mass movement. 111 
soils, the following terms are suggested. 
1. Mass displacement - to refer to a process which may operate at 
any depth in the soil when its rate, direction and mechanisms are 
unknown. 
2. Superficial slow mass movement - to refer to a process whose rate 
and depth of operation are known but whose mechanism is un-
known. 
3. Slow mass movement - to refer to a process whose rate is known 
but whose depth of operation is unknown, as is its mechanism. 
These terms offer useful descriptions of process rates and the 
depth of movement if known, but they specifically exclude any impli-
cation of mechanism. If detailed research leads to an understanding 
of the underlying mechanism of movement, then this should be stated 
according to the mechanical or biotic forces involved. 
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3.1 Measurin-ng s~ow n1ass movement. 
Techniques for measuring slow mass movement can be classified 
into those which possess a fixed reference point and those which in-
dicate relative changes in movement. In addition some techniques 
attempt to characterise a movement-depth profile by the burying and 
re-excavating of markers. Such a technique, however, can only be used 
once and it gives no indication of the pattern of movement through 
time. The simplest method of monitoring mass movement is by careful 
survey of surface markers but obviously this gives no indication of the 
movement depth profile (Rudberg 19.58; Schumm 1966). Techniqnes 
described in the literature are reviewed in some detail by A uzet.( 198.5 ), 
Anderson (1977), Anderson and Finlayson (197.5), Rashidian (1984) 
ancl Selby ( 1966 ). 
3.1.1. Displacement-depth measurement. through time 
Several researchers have designed instrumt;nts which are capable 
of measuring changes in the mass movement velocity profile through 
time (Williams 1962; Selby 1968; Sugden 1973; Troeh 1975; Finlayson 
1977: Rashidian 1984 and Auzet 1985). The systems employed by 
Selby and by Troeh are simple extensiometers: markers at prescribed 
depths are connected to a fixed position by wires which extend to 
measure st.rain. This approach yields a partial velocity profile which 
is accurate to 0.1 mm/yr according lcJ Selby ( HJ(:i8). However, it does 
cause considerable disturbance to the site \\.hen inst allecl and it is 
assumed that the markers muve ill sympathy \\"ith the soil and do 
nut affect JllO\cment. The techJ1iques dcstTibccl by \Villiams, Sugden, 
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Mercier and Geissert. and Auzet measure the deformation of a thin, 
wide, flexible object inserted into the ground vvith its wide side per-
penclicular to the expected direction of movement. Meafurements are 
made from strain gauges responding to the flexure of the strip. The 
problem is that of knowing in what. plane the deformation is occurr-
ing. If the gauge is a flat strip \Vith its rasy axis of bending in the 
direction of the incipient deformation then the strain gauge readings 
are proportional to the local radius of curvature. Integration of those 
data gives the shape of deformed gauge. If, however, the direction of 
movement is unknown then two gauges set at. 90° round from each 
other would be required to define the local plane of bending and the 
curvature of that. plane. If the deflections in the two directions are y 
and z with .r measured clown the gauge then the strain measurements 
are proportional to dyjdx and d.:jd:r and the data would need to be 
integrated twice to give y and :. Pairs of strain gauges would have to 
be attached to a flexible probe, perhaps circular in section, at inten'als 
apart which would depend on the anticipated form of the movement 
depth curve. 
TlH' approach is attractive as a continuous measurement device 
but the int-erpretation of the profile does cause some difficulties be-
cause each point on the profile is not independent of its neighbour. 
For example, the hypothetical profile shown in figure 3.1 could re-
sult from a depth decay function or equ13-lly well from a discrete shear 
zone near the top of the profile. The form of the flexure is more a 
function of the behaviour of a spnng than of the behaviour of soil 
particles. In adclit.ion, because the strip behaves as a spring it will 
impede movemen1 in direct proportion t.o the magnitude of tlexure 
provided that it i~ tixed at lop or bottom. If the likely magnitude 
and diredi••n of mass movement 1u be measureclare known then st.rain 
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igure 3.1 Hypothetical displacement -depth profiles. 
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gauge data can be interpreted correctly and will provide very prec1se 
strain measurements. 
Analogous techniques are commonly used in the practice of civil 
engineering. It is usual to insert flexible piping into a borehole and 
measure resultant deformation by inserting an inclinometer to differ-
ent depths within the pipe. Fleming ( 1973) applies a simple inclinome-
t er system to measurement of a silty day soil in the San Francisco Bay 
area. Fleming found that operational difficulties such as variation in 
the t.ilt.met.er alignment, electrical drifting of the strain gauges and 
imperfect zeroing of the gauges reduced the precision of the system to 
3 minutes of arc. Finlayson and Osmaston (1977) describe an optical 
device which measures the deformation of a flexible tube to an accu-
racy of 0.02.5 mm/m. This device was used by Finlayson in a study 
of slow mass movement in a catchment area in the Mendip Hills. The 
results provided a simple 4 point displacement-depth curve with the 
direction as well as the magnitude of movement at each of the points 
(figure 3.2). 
Rashidi an ( 1984,1986) presents a novel method for acquiring a dis-
placement depth profile using markers emplaced to differing depths 
in small adjacent. boreholes. The displacement. of each marker is 
observed independently to provide an estimate of the displacement-
depth profile (figure 3.3). 
3.1.2. Once only displacement-depth measurement 
Techniques for obtaining a single displacement-depth profile using 
buried markers have been widely used to measure seasonal solitluct.ion 
in arct.ic environments. The 1-.est known method uses the emplace-
ment. of a length of dowling 1'111 i11fu shurt lengths perpendicular to 
the slopej(Hudberg 19134). The tPchlliqne has been adopted by sev<"ral 
Figure 3.3 Rashidian's method for estimating displacement - depth profiles 
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researchers and used t.o measure slow mass moven1ent 111 other en\'I-
ronments (Rapp 1960; Jahn 1979; Emmett and Leopold 1965: Young 
1960 ). 
Young (1960) proposed the vertical emplacement of small Wires 
into the side of a pit dug into the hillslope (figure 3.4). This method 
of measurement assumes that the pins will reflect the movement of 
soil particles surrounding them and that a stable reference point exists 
at the base of the profile. If the pins are accurately positioned, both 
vertical and horizontal displacement can be detected. Young ( 1978) 
notes that the technique is most satisfactory for long term studies. 
Excavation of pits installed for 10 years showed a distinct pattern of 
downward vertical displacement of the pins. Young suggests that this 
may be clue to the effects of chemical as well as physical erosion. 
Other techniques have been suggested for displacement/depth 
profile measurement using columns of coloured sand. glass beads and 
plast.ic pellets (Rue\ berg 1964 ). All these methods can be criticised 
for disturbing the soil during their insertion and for the fact that 
they allow only a single measurement to be taken. On the other 
hand, displacement/depth .profiles are required in order to measure 
the total volume of soil transported past any given plane. By conven-
tion mass movement rates are expressed as the integrated area under 
the displacement/depth curve over an arbitrary width of slope per 
year. Finlayson ( 1976) expressed volumetric movement in units of 
cm 3 /cm/year. 
3.l.3 Helative displacement through time 
Instruments in this category include Anderson's Tubes, which can 
measure mass displacement relative to R t1xccl reference poi11t, and 
uther inclinome1er techniques v\'hich have 11•) lixf:'d referencP. 13c!l h 
Figure 3.4 
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Anderson's Tubes and Inclinometer Pegs are rigid in the vertical or 
depth climem;ion and so they give only a relative volumetric measure-
ment. The advantages of these techniques are: 
(i) simplicity of design, operation and installation, 
(ii) low cost and so ease of replication, 
(iii) rapid measurement time allowing temporal changes to be mom-
t.ored for many sites, 
(iv) lack of ground disturbance on installation. 
Inclinometer Pegs haYe been used extensively by prev1ous re-
searchers. Kirkby (1963) designed aT-peg with graduated spirit. level 
as the measurement device. Evans ( 1974) used a similar T-bar mod-
ified from Kirkby's design to allow measurements to be taken in~wo 
orthogonal directions. The pegs used by both Kirk by and Evans were 
luug,, uo,rruw mel.al rods. The Kirkby T -peg was 0.~5 inch square steel 
rod 9 or 1.5 inches long \':ith an adjustment. mechanism as the top of 
the T. Anderson (1977) designed an inclinometer which allows angu-
lar readings to be obt ainecl from wooden or aluminium pegs 1 cm 2 in 
section. Readings are obtained by inserting hard wood pegs vertically 
into the soil and fitting the inclinometer gently over the peg. The 
inclinometer tilt is adjusted by turning a graduated thread to pivot 
a spirit level (see figure 3:·5). When the level lies horizont.a:lly the 
number of turns on the graduated thread can be directly converted 
to angle of tilt. The method assumes that. the base of the peg is its 
pivot point. Since this is uncertain Anderson suggests inserting pegs 
to three sensible depl hs and comparing the results. 
Other inclinumf:'ter devices have been used by Plantema (19.53), 
I\ a 11 s 1. e n i u s a n cl B erg a u ( l 9 G 1 ) , M o rl an cl ( 1 9 7 x ) a 11 d 1\. a is e r ( 1 9 8 0 ) . 
A 11 clerson 's Tubes. designed and 11sed by A nclerso11 (1917) measure 
the absolute displn.cement of a solid tube. inserted vert.i~·ally into the 
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Figure 3.6 Anderson's Tube. 
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slope, relative to a fixed central metal stake (see figure 3.6). The 
technique measures relative mass movement, however, because it ap-
proximat.es the displacement/ depth profile as linear. 
3.2. Instrument selection 
The field experiment requirements for S.M.M. data include (i) 
large numbers of sample sites, ( ii) a volumetric measurement of 
S.M .M. and (iii) details of the displacement-depth profile. The large 
number of sample sites necessitated the adoption of simple instru-
ments which could be widely replicated and still be easily compared. 
In addition it. was important. that measurements could be m~rlP ?.t dif-
ferent time periods in order to assess movement. trends. Consequently 
three techniques were chosen. 
1. Anderson's tubes- absolute displacement 
2. Inclinometer pegs- relative displacement 
3. Young's pits- displacement-depth profile 
These three devices yield complementary information on S.M. M. 
and are simple in design ancJ easy to replicate. All three approaches 
make assumptions about. the nature of the process but. Anderson and 
Cox ( 1978) used these instruments in conjunction with do~ling pillars 
and Cassidy's tubes and found, in a two \Vay factorial study, that 
differences between plots were much gr:eater than differences among 
instruments at each plot. They also found that. Anderson's Tubes, 
Inclinometer Pegs, and Young's Pits gave the most consistent 
results. 
The:~e techniques arr> 1dt'al f•1r assess1ng the effect uf \·egetation 
t y p.- nll.\ slope <mgle t•n 1 hl' rei a! ive rate of soil mass movement. Fol-
J,,v,·ing tl1e cx<Hllple ... r .\nders••n (1911) the instrume11ls have been 
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located in 1m 2 sample plots in which the soil and environmental va.ri-
ables that ma.y govern the process of movement are assumed to be 
constant. 
The Anderson's Tubes and Inclinometer Pegs may be read at any 
time throughout the study while the Young's pits are excavated at 
the end of the study. It is important to analyse the temporal pattern 
of movement because a single measurement. might represent a wild 
observation if the pattern of movement fluctuates. The presence of 
fluctuations could not be detected without close temporal sampling. 
3.3. Sample seBection 
incorporates four slope gradient classes and four vegetation group-
ings. These samples were derived from the hillslope profile elements 
constructed from slope profile data described in Chapter 4. Samples 
were allocated by replacement random sampling of elements for each 
category until five elements filled each cell category. An additional 
ten sites were then allocated at random to any cell since it was en-
visaged that some sites would be disturbed during the course of the 
experiment. 
An initial sample s1ze of 80 sites was chosen based on the results 
of previous researchers who found that~ small number of sample sites 
severely limited the statistical analysis of the data (Anderson, 1977; 
Rashidian, 1984 ). The sample siu \Vas also based on the number of 
sites which could be measured in a day. Thi:; :iample gives a reason-
able replication for ea.ch (';;degory in the design. thereby allowing \vile! 
observations to be detected. A larger sample sizc:> wc11.dd have given 
g1ven greater logistical problems. 
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Table ·3·1 Sampling design of measurement plots 
Slope angle Vegetation groupings 
classes (degrees) 
Juncus Nard us Pteridium Heath Total 
0-10 7 6 (6) 5* (5) 3* 21 
11-20 (6) 5* 5 7 5 '1'1 ...... 
21-30 5 ( 5) 4* 5 (5) 1* 15 
) 30 (7) 5* 6! + + 11 
Total 22 21 17 9 69 
+ Cells incomplete due to lack of suitable field locations 
* Cells incomplete due to site disturbance during measurement period 
I Two sites in this cell partly disturbed during measurement period 
( ) Original sample size 
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3.4. lil!llstnnnnent ~ayotnt 
Each of the chosen hills lope elements ( .5m) was located in the 
') field. Then a 1 m- plot was located on an area of straight. slope with 
homogenous vegetation cover. Each plot was subdivided into 9 equal 
0.2 m 2 sub-plots using a quadrat as shown in figure 3.7. The following 
instruments were located at. random into the 9 available sub-plots. 
(i) 1 Anderson's Tube 
( ii) 3 Inclinometer Pegs 
(iii) 1 Young's Pit 
( iY) 1 ,,·ater table level inspection p1pe. 
The random allocation of instruments to plots ensures that no 
systematic bias in instrument performance occurs as a result of mutual 
interference. The design of the quadrat ensures that instruments are 
not located less than 0.3 m apart. 
3 . .''). Installation 
:3.5.1. Inclinometer Pegs 
Pf'gs were constructed from Ram in, a hard wood. that does not 
swf'll Ill contact. with moisture and is ,·ery resistant tc, rutting. Three 
length:, of pegs were used 0.0'1 m. 0.10 m and 0.15 n1 into tlw ground 
with e<-tch peg protruding O.O.S Iii <tl the snrface for ll1t"asurement. pur-
pos<:'s. The peg \vas inserted i11l<~ the ground by being pushed firmly at 
a consl ant rat<:' \':ith au inserter which has a housing similar to tlwt. 
.':i2 
Figure 3.7 
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Figure 3.8 Inclinometer peg measurement 
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of the inclinometer. A reading was then taken t.o check the datum 
but t.he peg was left to settle for one month before the measurement 
program started. 
3 .. 5.2. Anderson's Tubes 
These were constructed from rigid 10 em diameter plastic p1p111g 
cut to a height of 30 em. The lower edge of the tube was sharpened 
to ease insertion into the soil and marks were fashioned on the inside 
of the tube at 5 em intervals on two orthogonal long axes of the tube. 
These marks were carefully positioned and machined to allow the 
callipers to be positioned exactly on the measurement position at each 
time of reading. This was particularly important because without an 
exact sized recess the callipers could not be positioned acclJr<lt.Ply <'~t 
the lowest position when the tube was installed in the soil, particularly 
if the ground water table was above the measured depth. 
To install the tube, a 0 . .5 m corer was constructed. This had 
a 0.1 m outside diameter and was used to construct a 0.30 m deep 
hole in which a tube could be carefully inserted. The soil sample 
from the cover was then kept and used for analysing the physical and 
granulometric properties of the site. The tube itself was installed with 
the measurement axes facing upslope and across slope. The central 
measurement rod, constructed of toughened steel coated with anti-
corrosive paint, was then inserted to <\ depth of 0.5 m. Each tube 
was designed to protrude 0.02 m above the ground surface to avoid 
it bei11g infilled by surface \\'ash. but for further protection a lid was 
also fitted. 
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3.5.3. Young's Pit 
The procecl ure for installing markers clescri bed by Young ( 1960) 
was closely followed. First a narrow pit 0 .. 5 m long by 0.4 m deep 
was excavated in the downslope direction. Then a perspex marker 
was positioned vertically within the pit and its position marked at 
the base with two metal pegs. Small 0.03 m lengths of \Velding rod 
were then inserted into the side of the pit at 0.01 m intervals through 
the correct positions in the perspex. The perspex was then removed 
and the rods pushed flush with the side of the pit before the pit was 
carefully refilled and a surface location marker installed. 
3.8 I nstrtHnent tneasure 1ne nt 
3.6.1. Inclinometer Pegs 
. · · the · 
The tilt ofeach peg is measured along the axis parallel t.oAgradient. 
of the slope. The inclinometer instrument is placed over the peg and 
clamped until firm. The adjustment screw is positioned 100mm from 
the pivot point of the peg and has a pitch of 1mm. The angle of tilt 
can can be calculated as 0° 481 for each revolution of the measurement 
screw. If the peg is assumed to pivot at. its base, and the base is 
stationary then the angle is converted into a volumetric measure using 
the cosine rule. 
This met.hud <tssumes that very" high tilt <1ngles are not encoun-
tered: othenYist" the volume of soil moved would be underestimated if 
a right-angled triangle is assumed. This effect is sho\\"11 in figure :3.8. 
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3.6.2. Anderson's Tubes 
Anderson ( 1977) measured movement of the t.ube by reading the 
distance from the edge of the tube to the central rod at four cardinal 
points near the top and a further four points near the base. The posi-
tion of the tube could then be plotted on a circular diagram and the 
overlay of subsequent diagrams allowed displacement to be plottecl. 
In this study three orthogonal sets of measurements \\"ere taken at 
0.05 m intervals from the top of the tube. If three readings are taken 
then a measurement. error can be spotted by mental arithmetic in the 
field. This also indicates the level of precision to which measurements 
can be taken. 
If the two measurement axes are labelled <T and y with ::indicating 
depth, then figure 3.9 illustrates how the results could be misinter-
pret eel. 
The direction of maximum displacement. (} is calculated from: 
cosB = 
? •) l (~Sx~ + hy-)2 
A volumetric measurement was derived by calculating a least-
squares fit. to the 3 displacement measurements, t"hen extrapolatii1g 
that. function to the zero movement axis to derive the depth at which 
the tube pivots. A FORTRAN program for this calculation is listed 
in Appendix A. 
:3 . 7 S u m m a r y of S .1\I.l\ I. ins t l'lll n e n t at i o n 
/\teach of the sample pl(•t:; one Anderson ·s Tube, three lnclinome-
ter Pegs and une water table inspection standpipe were installed. A 
'{ou11g's pit was installed Cit one ::;it.e in each of the slope angle <lncl 
1 
1 
t 
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Figure 3.9 Anderson's Tube measurement. 
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vegetation cover classes listed in table 3.1. During the period of the 
field experiment six Anderson's Tubes were vandalised and could not 
be replaced due to excessive site disturbance. Twenty-two of the 207 
inclinometer pegs were disturbed and profiles from 2 of the 14 Young's 
Pits could not. be reconstructed because pins could not. be accurately 
relocated. 
All the measurements were taken by the same operator, myself, 
and so operator variance 1s likely to be negligible. A reading was 
taken for each instrument at every plot. in turn over a two day period 
at. monthly intervals. The plots were always re-visited in the same 
order. 
It is recognised that the instruments chosen ·will only yield infor-
mat.ion on the relative differences in S.:tvi .l\.1. among the different plots. 
However, the replication of ditferent instruments in the same plot al-
lows quantitative comparison of the consistency of results among the 
different instruments. Furthermore, each slope angle and vegetation 
class is represented by up to five plots and so the consistency of each 
instrument. can be compared within the class. 
The remaining difficulties of measuring absolute mass movement. 
rates are not. addressed in this thesis. The principal difficulty is to 
htid an instrument capable of· detecting su-bsurface displacement of 
soil particles without. affecting the process by its presence. The dis-
t.urbance of the soil fabric by installing buried markers is particularly 
unsatisfactory. The Anderson's tube a11d inclinometer peg cause the 
least installation disturbance of all the techniques examined. There-
suits Llf this researcl1 can be directly compared \Vith those of Anderson 
( 1917) and Rashidian ( 1!)84) becallse 1hese studies used t.he same type 
•Jf instrument.s It) measure S.?d.M. in upland catchment areas. 
58 
3.8 Physical measurennents off soill properties 
Samples of soil were collected during the installation of Anderson's 
tubes at each experimental plot and from these granulometric and 
engineering properties have been derived in the laboratory. Previous 
researchers have emphasized the importance of correlation analysis in 
identifying the physical properties of the soil which influence S.M.l'vl. 
(Evans 197 4; Anderson 1977; Rashidi an 1984; A uzet 1985 ). 
3.6.1 Particle size analysis 
The particle size distribution for each site was derived by follow-
mg the test procedures BS-1377 described fully in British Standard 
(197.5). Each sample was air dried then oven dried at 110° C for 
24 hours before being dry sieved using a stack to trap particles at 
2000, 11~0, 600, 212 and 63 lll11. This divides the sample into coarse, 
medium and find sane\, leaving silt and clay as the remainder. 
Particles less than 63 lllll were sized using hydrometer analysis 
BS-1377 test 7(D ). This method was chosen because it allows rapid 
analysis of the large number of samples. The technique measures the 
density of a fluid in which particles are suspended. It is assumed that 
the Huicl density is proportional to the percentage of particles in sus-
pt>nsion and that partidt>s fall out of suspension according to their 
diameter a.t <1 rate governed by Stokes' law. The density measure-
nwnts \\'t>{·e made using a mercury hydrometer a1icl 1000 cm 3 measur-
ing; cylinclt>r. Details of the hydrometer ralihtn1ion fur this analysis 
are g1Yen in appendix B. 
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M ethocl 
A .50 g sample is pre-treated with 1.50 ml of 30 o/o hydrogen perox-
ide and allowed to stand overnight in order to decompose any organic 
matter in the sample. The mixture is then filtered through a Buchner 
funnel before being transferred to an oven, dried at 100° C for 24 hours 
and re-weighed. 20 ml of sodium hexametaphosphate was added to 
the sample as a dispersing agent for the colloidal fraction and the 
mixture agitated in a drum mixer overnight to ensure thorough mix-
ing. The suspension was then transferred to a 1000 cm 3 measuring 
cylinder and made up to 1000 cm 3 with distilled water. The cylinders 
were placed in a water bath to ensure a constant temperature of 20° 
C. Each cylinder was stoppered, re-mixed then the suspension left to 
settle. Readings oft he density of the suspension \Vere t akt>n r~ftf'r t.hP 
following prescribed time intervals. 
Reading Time elapsed 
1 30 seconds 
2 1 minute 
3 2 minutes 
4 4 minutes 
5 30 minutes 
6 1 hour 
7 2 hours 
8 4 hours 
9 8 hours 
The percentage of the total sample left 111 suspensiOn can then be 
calculated from the l1l)1110graphic chart published for test BS-1317 in 
British Standard ( 191.5 ). 
A typical cumulative particle s1ze distribution is shov.'n in figure 
:3.10. This shows, for example, that site 1/2 is a sandy silt with over GO 
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Figure 3.10 A cumulative particle size distribution for site 1/2. 
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%of the sample consisting of silt and day sized particles. Figure :3.11 
summarises the sand, silt and clay particle size percentages for all sites 
and the cumulat.ive distributions for all sites are given in appendix 2. 
Sites 1/1, 2/L 2/3, 4/1, .S/2 and 6/2 have been omitted from this 
analysis because of the high organic ·matter content at each site. In 
each case only a few grammes of mineral material \Vere recovered after 
the sample was treated with 30 % hydrogen peroxide. 
3.8.2. Index tests of soil consistency 
Measures of soil consistency describe how a soil may react to ex-
ternally imposed forces. Practical test procedures can be derived to 
assess the inHuence of moisture on the mechanical behaviour of the 
soil. Seils can c\hibit Leltaviuur t.hat can be classified into several 
rheological states according to its granulometric constituents and its 
moisture status. 
Atterberg derived indices describing the moisture content of a soil 
as it passed from a solid to a plastic then to a. viscous liquid state. 
These measures are collectively known as soil limit tests. 
•(i) Flocculation limit - mass wetness at which a soil suspension m 
transformed from a liquid to a semi-liquid state with an apprecia-
ble increase in volume. 
(ii) Liquid limit- mass wetness at which the soil-water system changes 
from a viscous liquid to a plastic bo.dy. 
(iii) Plastic limit- mass \Vetness at. which the soil stiffens from a plastic 
tC> a sem i-rigicl and friable state. 
( iY) Shrinkage limit -mnss wetness at \vhich the soil changes from a 
semi-rigid l•.1 <1 1igid solid with no i:1dditiclllctl change in specific 
volume as clr~'i11g proceeds. 
Figure :3.12 illustrates the nature of the limit. tests. 
63 
Figure 3.12 
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These tests have been widely adopted in the engineering descrip-
tion of soils for they provide a simple measure of soil consistency which 
can be interpreted easily. In addition, a further index can be derived. 
(i) Plasticity index (Casagrande 1932). P.I. =liquid limit- plastic 
limit.. This is a measure of potential plasticity and has been shown 
to depend on the nature and content of clay and organic matter in a 
soil. 
The plastic limit, and derived indices which relate to it, are of 
particular importance to the study of S.M.l\1. because it is the tran-
sition from a brittle to a plastic state that may promote downslope 
movement.. The plastic limit is an important criterion in agricultural 
soil management (Archer 1975) and in civil engineerig it has been 
shown to be related to drained internal frictional angle. 
Two methods of testing exist: the Casagrande ( 1932) method and 
the drop-cone penetrometer method of Campbell ( 1976). A number of 
studies have been made to compare the techniques and results show 
that the Casograncle method gives poor reproducibility and the meth-
ods yield slightly different results (Sherwood 1970; Davidson 1983; 
Moon and White 198.5). 
The drop cone penetrometer, unlike the Casagrande method, is 
not subjective and is determined using a range of moisture contents. 
In addition Campbell (1976) suggests that the minimum of the mois-
ture/cone penetration curve indicates a physical change in the state 
of the soil which is a better indication of the plastic limit than the 
Casagrande plastic limit (brittle-plastic) The plastic limit as deter-
mined by the fall cone penetr••meter C•JJT<"sponds to the maximum soil 
compnctiun (Campbell r/ a/. Hli)O) and is tb:refore an important. re-
sult. An import.a.nt relationship exists between cone penetration and 
1he shear strength of cohesive soils (Skemp1on and Northey H152) and 
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\Voocl and Wroth ( 1918) and \Vood ( 198.5) suggest that soils with wa-
ter contents close their liquid limits have unique shear strength ( 1 . .S7 
kN jm 2)as determined by the British Standard tesi in British Standard 
(1975). 
Test procedure 
The soil is pre-treated to pass through a 42.5 {1111 BS test sieve 
and equilibrated with water for 24 hours. The soil is then placed in 
a test cup and a 30° cone of mass 80 g is dropped from rest into the 
soil with the tip of the cone just in contact with the soil surface. The 
penetration is recorded and the moisture content calculated. The test 
is then repeated with a range of moisture contents until a curve is 
derived (see fig 3.13 ). The liquid limit corresponds to the moisture 
content of a cone penetration of 20 mm and the liquid limit is the 
minimum of the curve. 
The soil samples were not pre-treated other than by air drying and 
dry sieving. \Vhere possible the aim was to test the behaviour of the 
natural soil. However, samples from sites 1/1, 2/3, 3/4, 4/1 and 6/2 
could not be tested due to excessive organic content. The sam pies will 
also difFer from the in 8iiu soil due to their lack of compaction. In order 
to assess this effect. two samples, one organic and one mineral, were 
tested using artificial compaction. The organic sample showed a small 
difference in liquid limit but the mineral soil showed no significant 
difl:"erence bet.v\'een the standard samples and sample compacted with 
a :3.50g weight. Plastic limits remain unaffected by compaction (see 
figure 3.14 ). 
Figure :3.J~, shP\\·:-, tl1e sui] index \'alues for the Heathery Burn sam-
ples. Liquid limit Y<tlues for most samples lie in the range from 40% 
tu :SO?{. but sites with high organic matter contents give exceptionally 
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Figure 3.13 Typical liquid limit test curves 
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Figure 3.14 Plastic limit determination from drop-cone penetrometer. 
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high limits. Site .5/2 and 2/6 yield results which appear anomalous. 
3.8.3 Soil strength characteristics 
The strength of soil is usnally expressed as the maxunum force 
which can be exerted on a soil body without causing the body to 
fail. The strength of a soil is particularly affected by its textural 
characteristics, moisture status and the direction and rate in \\'hich it 
is stressed. In order to relate strength characteristics to S.M .l\·1. in the 
field it. was decided to measure strength in situ using a portable shear 
vane testing method. This approach measures the torque required to 
shear a column of soil using a vane with a width to height ratio of 
4:1. The test does not measure r:P' ,the internal friction, of the soil but 
it gives a rapid measure of relative shear strength in the field. It is 
also capable of measuring multiple readings to obtain a depth profile 
without extracting the vane. 
Perhaps most importantly a field based technique allo\\"s soil 
strength to be monitored through time and so a measure of the range 
of a soil's strength can be derived. 
Test procedure 
The instrument used in this study was a GEONOR field inspec-
tion vane ( Geonor 1975) see figure 3.16. The instrument consisted 
of a handle with opposing calibrated springs attached to a dial. A 
medium-sized vane 4 em x 1 em was attached to the instrument ancl 
the shear stt·ength of the soil measured by slO\dy rotating the \·nne in 
t.lie sc:•il sample until the reading ou t.he dial became constant. The 
test was theu rt'peated three times and the average reading calculated. 
SlH,i'tr strengths mea.sltrecl in kN jm 2 were then derived from the 
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follov.:ing equations. 
•) 
T = Torque required to shear soil ( kN /m-) 
h = Height of vane blade 
d = Width of vane blade 
1 
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Figure 3.15 Geonor field inspection vane. 
I 1 
I 
I 
I 
I 
I· 
I' 
~ : i i 
~ ! . 
M fD 
. ' 
=-
71 
Chapter 4 
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4.1 Ahns 
The drainage basin is the fundamental spatial unit for the study of flu-
vial processes. The understanding of water and sediment dynamics within 
this open system is a continuing challenge and this thesis aims to provide a 
quantitative appraisal of the importance of slow mass movement (S.M.M.) 
processes in sediment transport on hillslopes within a first-order catchment. 
It also seeks to test hypotheses about. controlling variables and temporal pat.-
terns of S.M .M.: many geomorphologist.s consider ubiquity and continuity of 
operation to be fundamental characteristics of S.T\1. .M. and these tenets have 
yet to be challenged. 
Despite attempts to relate sediment. mobility to catchment variables. sud1 
ro.diu~ 
as hydraulic., channel gradient and stream order, the interaction between the 
drainage network and basin slope processes remains obscure. 
Intuitively, one would expect the relationship between channel gradient 
and adjacent hillslope gradient. to govern sediment delivery processes and 
rates from slopes; however, such interdependence is often not evident at 
the level of the individui:d stream (Carter and Chorley, 1961). Richards 
( 1982) suggests that this may reflect the ability of streams to adjust in their 
cross sections, as well as in their gradients, to maximise sediment transport 
capacity, and also the dependence of sediment entrainment. upon stream 
power, which is a function of both gradient and discharge. 
In order to relate channel form allcl hillslope form. detailed process mea-
surement.s need to be made within an individual drainage basin. Slow mass 
muvement measurements hrwe rarely been available in suf!l.cient quantity 
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or quality from first-order catchments to test the assertions of Carter and 
Chorley (1961) and Richards (1982). 
rvlany models of slope processes have assumed that S.M.M. rate is propor-
tional to some function of slope angle and many studies of sediment budgets 
have averaged the effect of S.M.M. over space: both these actions have the 
effect of minimising any observed relationship between channel and hillslope 
form, in terms of adjustment to sediment transport capacity. 
The first-order drainage basin is also a convenient physical representa-
tion of a cascading sediment system, in which the spatial pattern of sediment 
transport can be identified and monitored relatively easily, and so it offers 
several practical advantages over a more widely dispersed study. First, it 
allo\\"S close spatial sampling of slope and soil units, thereby providing the 
necessary replication of instrument sites on such units that would be needed 
in order to isolate controlling variables in an experimental framework. Sec-
ond, a standard spatial unit of measurement (drainage basin order) enables 
broad comparisons to be made between different erosion or transportation 
processes within catchments and comparison of similar process rates between 
catchments. Third, it is recognised that sediment storage within small catch-
ments is poorly documented. However, storage sites such as swales, terraces 
and lochans provide a wealth of palaeoerwironmental data which may be 
used to date erosion events or to document the nature of sediment. move-
ment paths in catchments. 
It is important to be able to estimate parameters associated with the 
physical structure of a drainage basin which will infiuence any given geo-
morphological process for useful, quantitative-geomorphological models are 
built from the marriage of appropriate geClmorphomet.ric variables and accu-
ra.t.e empirical process measurements: the tl.rst-orcl<"r catchment provides a 
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suitable spatial framework for both empirical process and geomorphometric 
n1easurement. 
The selection of an individual catchment immediately introduces selec-
tion bias as the particular combination of environmental conditions and land-
forms at any one site is likely to be unique. For this study a location was 
sought which em bodied as diverse a set of slope facets as possible in order to 
sample the likely range of S.M.lvl. process rates in situ and yet have enough 
variability (as well as measurement site replication) to allow an experimental 
treatment of the data where certain variables are held constant while others 
vary widely. For example, measurement plots located on slope facets of sim-
ilar inclination may exhibit a wide variety of soil moisture conditions, even 
for soils with similar structure and particle size compositic•n. and so slope 
angle can be controlled for; in this way the influence of key variables such as 
the moisture status of soil on S.M.M. can be assessed quasi-experimentally 
Ill the field. 
Five factors were considered Ill detail when selecting the experimental 
catchment: 
1. Environmental variability, 
2. Catchment s1ze, 
3. Land use, 
4. Accessibility, 
.5. Availability of secondary data sources. 
A central tenet of geomorphological research 1s relating process to form, 
and so the cornerstone of the field research design is the identification of ge-
omorphomet.ric variables \Yhich may be used either singly c'r in combination 
to predict S.tvl.l\1. Sl•)pe ,gradient. slope curvature in profile and slope curva-
ture in plan seem to be t.he most important, as these relate directly to the 
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pore water pressures and stresses found in hillslope soils. Variation of these 
factors is caused by changes in environmental variables such as geological 
setting, soil type, vegetation phenology. slope drainage, aspect. 
In the first instance a catchment was chosen which displayed diversity in 
such variables before detailed geomorphomet.ric surveying was used for the 
fine tuning of experimental design. The other four selection criteria are es-
se.nt.ially practical requirements of field- based measurement and experimental 
studies. The catchment should be large enough to allow a large number of 
instrument stations to be located without mutual interference, yet should be 
small enough to allow all the major hillslope facets to be sampled and the 
spatial distribution of the process in the catchment to be mapped. It. is as-
sumed unless otherwise stated that this study relates to natural rather than 
clist.urbecl or cultivated soils: enclosed pasture and arable land are omitted 
altogether. It -vvas fortuitous, and fortunate. that several ram gauges were 
in the close vicinity of one particularly suitable catchment, thereby reducing 
some of the task of secondary data collection. 
The chosen catchment is located in Weardale, Northern England, at na-
tional grid reference NY 84 990 415 and is locally termed Heathery Burn 
(figure 4.1). It is a first-order catchment. which faces predominantly S.W. 
and it has an altitudinal range of 275 m to 430 m. Valley-side slopes are 
soil covered to a minimum depth of 25 em and alluvial and colluvial valley-
bottom fill extends to a maximum depth of 3.5 m below ground surface in 
isolated localities. The catchment also provides a suitably wide variety of soil 
types, vegetation phenology and bedrock types within the relatively small 
area of 35 ha. 
The following two sec1 i···ns 111 this chapter describe the physical setting 
n.nd geological history of the catchment as well as its morphology and geomur-
\ 
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phometry. The fourth section describes the experimental design for S.M .. \1. 
instrumention and measurement and it outlines the inherent. assumptions, 
biases and possible sources of error associated with geomorphological exper-
imentation in the field. 
4.2 Physical setting and geoRogncal histon·y 
Heathery Burn catchment is located on the east flank of the Pennine 
anticline on Carboniferous sedimentary rocks. The structural geology of the 
site is dominated by the post-Hercynian development of the Alston block 
which resulted in the intrusion of granitic sills and extensive local minerali-
sation. Uplift of the Alston block horst. is strongly associated with isostatic 
adjustment due to the presence of low density Devonian granite at the base of 
the Carboniferous sediments. The typical cyclothem stratigraphy observed 
in this area may be explained in part by isostatic controls over sedimentary 
environments and processes (Johnson, 1967 ). 
The stratigraphy in this basin (figure 4.2) consists of rocks from the 
Upper Limestone Group of the Carboniferous Limestone series (Dunham, 
1946 ). At its confluence with Stanhope Burn, Heathery Burn dissects the 
Great Limestone which is the basal member of the Upper Limestone Group 
(figure 4.2). The sequence is completed by rhythmic alternations of shale, 
sandstone and limestone, capped by a succession of thick sandstone sills in-
tercalated with t bin shale beds in the uppermost parts of the basin. Such 
a succession is typical of the lTpper Limestone Group (Dunham, 1946) and 
rdlec1.s a series of alternations between marine and deltaic cleposit.ionary en-
vironments. V/hel't' -;andstone strata outcrop cross-bedding is well formed 
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and clearly visible and at one site channels can be identified from the sedi-
mentary sequence and from the presence of coarse pebbly lag deposits. 
Resistant sandstone sills, which have a gent.le north-south regional clip 
of 5~ give the surface topography a characteristic stepped appearance where 
adjacent less resistant strata have been eroded more intensely. To some 
extent, however, the solid geology is obscured by soil, colluvium, alluvium 
and glacially-derived deposits. 
At a regional scale Pleistocene glaciations have certainly contributed to 
the erosional development of the Pennine Dales, through the action of ice 
abrasion and plucking, and fluvial erosion by glacial meltwater, yet the lack 
of dramatic landforms of glacial erosion suggests that ice \\"as locally derived 
and restricted in its effect to minor resculpturing of the uplifted palimpsest 
of the Tertiary peneplain (Trotter 1929). 
No firm evidence has been found in Upper Wearclale for pre-Devensian 
glacial advances although Atkinson (19136) suggested that the lower boulder 
clay of County Durham may represent a pre-late-Devensian till or a late-
Devensian st.aclial deposit. 
In upper Weardale lodgement till is found in isolated parts of the val-
ley floor and is certainly of late-Devensian age (Falconer, 1970 ). Such till 
deposits contain clasts of local sedimentary rock types in a sandy clay ma-
trix: no exotic errat.ics were found in this till by Howse ( 188~1), Dwerryhouse 
(1902) or Falconer (1970). Only Atkinson (1968) cites an example of a Lake 
District erratic found in north-west \iVearclale at an altitude of 2200 feet 
( 670 metres). The former evidence, together v.,·ith the lack of distinctive ero-
sional features on the int.erfluves and the lack c•f till <.on i11terfluves and valley 
hillslopes, led to the co11clusiou that \Vea.rclalc cuntainecl only local ice and 
possibly only a va.lley !!;lacier during the last glacial maximum ( Owerryhouse. 
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1902; Raistrick, 1931 ). 
Vincent (1969) and Falconer (1970) argue against this model from sedi-
mentological analysis of the local deposits. Re-mapping of glacial meltwater 
channels in this study supports their argument. 
Vincent attributes a subglacial origin to coarse diamicton deposits lying 
on the South Tyne-\Vear watershed. Clast orientations within these deposits 
indicate active ice movement from the north-west, that is, from the South 
Tyne to the Wear. The distribution of diamicton deposits was shown to be 
heavily influenced by topography (Vincent, 1969; Falconer, 1970). 
Several researchers have considered the distribution and genesis of glacial 
meltwater channel features in North East England ( Dwerry house 1902; 
Eendall 1902; Raistrick 1931; Tvlaling 19.55; Peel1949. 1956; Sissons 19(10; 
Clapperton 1966; Vincent 1969 and Burgess and Holliday. 1979). 
Despite this research, \Veardale has never received detailed analysis. Fig-
ure 4.3 shows a number of newly mapped features found in central and upper 
\Veardale. Although many channels are small-scale features, only a few me-
tres deep and a few hundred metres long, their location and clistribu tion 
are inconsistent with the valley glacier !1ypothesis of Dwerryhouse ( 1902). 
The altitudes of channels A, B and C (figure 4.3), which are major features, 
are particularly significant as each bisects or lies close to a major intertluve. 
Channels A and B have humpedAong profiles and intermittent courses which 
strongly suggest a sub-glacial origin: tl:at is, a Nye channel cut into bedrock 
by meltwater under high hydrostatic pressure (Nye 1973). The origin of 
channel C' is more controversial as this has been disturbed by 18th and 19th 
century activity: ho\vever, it displays many characteristics of a Nye channel. 
A recent reappraisnl of subglacial meltwater hydrology and erosion by 
Hallet ( 1979) suggests that many Nye channels form under active ice rather 
82 
Figure 4.3 Glacial meltwater channels in Northern England 
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than during deglaciation, the prevailing hypothesis. Such a model, if correct, 
would help to explain the otherwise anomalous topographic location of these 
channels. Other smaller meltwater channels in Weardale are best developed 
on the lee (east) side of ridges which lie transverse to the line of the main 
\\lear Valley indicating strong topographic control over channel formation. 
A similar topographic effect was observed by Clapperton ( 1966) for channel 
distribution in the Cheviot massif and surrounding area. 
The meltwater channel evidence indicates complete inundation of the 
\Vear Valley by active ice fio,ving with a west to east surface gradient at 
some period during the Pleistocene. Dating of channels is not possible, but 
the freshness of many channels suggests a late-Devensian origin. 
The superficial deposits of \Veardale have been mapped in detail by Mal-
ing ( 1955 ), Atkinson ( 1968) and Falconer ( 1970) and can be broadly classified 
into glacial till, solifluct.ate, soils derived frorn colluviation or weathering and 
unconsolidated debris derived from mining activity. According to Atkinson 
( 1968) the pedology of upper Weardale can largely be explained in terms 
of the distribution of parent materials. The upland regolith often shows a 
stratified morphology with an UJ1per layer of coarse sub-angular clasts of Car-
boniferous sandstone, a second layer of fine sandy loam which grades into a 
third layer of coarse angular material towards the bedrock (Atkinson, 1968). 
Such stratification is evident for deposits in the Heathery Burn catchment. 
area as well as in other areas of Weardale. This probably arises from in-
tensive cryoturbation processes during the late glacial and early Flandrian 
periods. The particle size distribution of this material falls within the range 
for frost susceptibility suggested by Corte ( 196:3) (see Falconer 1970 ). 
The glacially derived di<11llic1on is the dominant superficial deposit in the 
Heathery Burn ··atchment area. Hillslope ccdluvium, swale fills and soil pro-
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files are derived or developed from this material. In a few places weathered 
sandstone and mining spoil provide the parent materials for soil development. 
The general uniformity of parent material explains why soil development is 
closely related to the moisture status of the site. Using the terminology of 
the soil classification of England and Wales (A very, 1960), well drained sites 
have developed as H umoferric podzols or Acid Brown earths whereas poorly 
drained sites have developed as Stagnopodzols, Stagnohumic gley soils and 
surface water gley soils. 
The clistribu tion of surface vegetation within the catchment is clearly re-
lated to the moisture status of the soils and so also related to the distribution 
of soil types. The vegetation distribution has been classified into four broad 
groups with associated species. 
•• 1Y ,., ; ..,., ro -i . ..,., 't~-a 
l U!:_{t t( U l, U:·l•< 1 Poe. <n 'T"n J o 'Yl L' .. ; c i' I \A.• <.. '- '~ ._.. < V ' 
Erica tctrali:r. 
2 Nardus grassland: Nardus stricta, poa pratensis. Poa au.gusi1njolia, other 
grasses. 
3 Bracken heath: Pteridium aquilinum, uar10us mosses and lichens. 
4 Juncus bog: ]uncus sqzwrrosus, l1tncus cffusus, Sphagnum rubellum, 
Sphagnum rccurvum, vario-us mosses and l-ivertcorts. 
This vegetation suite, represent-ing an open upla-nd heath environment 
on acid soils, is typical of much of the Pennine uplands. 
Palaeoecological studies using pollen analysis have been undertaken by 
several researchers at eight sites \Yithin an 8 km radius of the catchment 
(Raistrick and Blackburn, 1931; Roberts, Turner and \Vard, 1970; Hodgson, 
1974; Turner and Hodgson, 1979, 1981). However, only pollen diagrams from 
For1herley Moss ancl Pow Hill cover the whole uf the Flaudrian period and 
these show several unusual features clep;:nting significantly from the pattern 
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described by Godwin (1940). 
There appears to have been a long pioneer phase domina ted by Bet nla 
and hardy shrubs before climat.ic amelioration allowed the introduction of 
Pin us followed by Qncrc us and Aln-us after approximately 7000 years B .P. 
(Turner and Hodgson, 1981 ). The PO\v Hill diagram indicates that Pinus 
persisted in upland areas until the Iron age in marked contrast to the rest of 
Britain. Extensive evidence suggests that a dramatic change from a wood-
land environment to one dominated by the heathland and grassland taxa of 
today occurred within the late Iron age or Roman periods, 300 B.C. to 200 
A.D. (Turner 1979). 
The untypical nature of the vegetation history of this locality when com-
pared with other sites in northern England suggests that thin acid poclzolic 
soils have persisted since late Flanclrian I. The exposed location of the Pow 
Hill and neighbouring sites implies that much of the input bas been trans-
ported from the surrounding region, perhaps a few kilometres in extent. 
Small bogs such as that at Bollihope common are more likely to have col-
lected locally derived pollen rain (Roberts, Turner and \i\Tard 1970). 
Present-day ecological change in the Heathery Burn catchment area IS 
associated with land use practices. The principal land use is as open pas-
ture for sheep. Unenclosed land is designated common grazing and used by 
several farms. Enclosed land is owned by one farm but is still used as unim-
proved pasture. Upper heathland is extensively used for grouse breeding and 
shooting. 
Land management. practices here include open ditch field drainage, pen-
odic and restricted burning of the Callunu. heath, enclosure and road main-
tenance. The drainage of wetland is seen as an important step t.owards 
increasing the productivity of the land both for grouse nesting sites and for 
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the provision of better quality grazing. Both burning and drainage have dra-
matically increased abiotic transfer of organic and inorganic materials within 
the catchment. The effects of such practices on S.M.M. and on the sediment 
budget of the catchment will be discussed later. 
Artefacts of former mineral mining can be seen m the lower part of the 
catchment area; Stanhope Burn mine produced lead ore and fluorspar before 
closing in 1983. 
Local mineral vems have been mined at periodic intervals smce the 
Bronze age (Smith, 1923). The first documentary evidence dates fron1. the 
12th century but the heyday of mining acti\'ity in the Durham Dales was dur-
ing the 19th century when galena, fluorspar and barytes were all extracted. 
The disused Stanhope to Edmonclbyers railway, which bounds the catchment 
on the north-east, and associated sandstone quarrying elate from this period. 
Apart from the obvious disruption to slopes and superficial soils and sedi-
ments. mining activity has caused localised ecological disturbance through 
the pollution of soils by toxic metals such as lead, cadmium and arsenic. 
Atkinson ( 1968) also notes the effects that lead and manganese presence can 
have on soil profile development. 
The climate at Stanhope is temperate maritime with a mean annual 
rainfall of 9.50 mm, a mean annual temperature of 7 .. 5° C and a range of mean 
monthly windspeeds of 6.0 to 16.2 m.s- 1 .. Northumbrian Water Authority 
manage five rainfall stations within 5 km of the catchment: those at Stanhope 
and \Va.skerly 3 represent the lower and upper altit uclinal extremes. The 
monthly rainfall figures are summarised by box plots in figure 4.4. The 
box plot divisions represeut the maxima, minima, median and upper and 
lower quartiles nf the clata. At Stanhope the ten-year monthly medians 
show rainfall le\'els to be relatively constant throughout the year: levels 
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are marginally higher at vVaskerly 3 and the inter-quartile range shows a 
slight. increase in annual variability. The months of September, October and 
December show the greatest variability with several very wet months at both 
sites. A considerable proportion of the measured precipitation in January, 
February and March can fall as snow. 
Interrelationships between precipitation, soil moisture and S.M. M. pro-
cesses will be discussed further in Chapter 7. 
Data on air and soil temperatures or windspeed are not available for 
the immediate vicinity; the nearest meteorological stations are at Durham 
(altitude 101m), 32 km away, Moor House (altitude 555m ), 17 km away, and 
\Viddybank Fell (altitude 521m), 13 km away. 
4.3 G eo-morphometry 
Geomorphometric data was collected for the catchment area from Ord-
nance Survey 1:10,000 maps and from a detailed slope profile survey. In-
formation about the range and distribution of hillslope gradients forms an 
integral part of the experimental design and so a method was required for 
selecting representative measurement sites within the basin. Two methods 
of analysing morphometric data \Vere employed -
( i) construction and interpretation of an altitude matrix constructed from 
1:10,000 map data and 
( ii) field survey of hills lope profiles using a hand held level and tape. 
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4. 3. 1. A 1 tit u de matrix cl at a 
An altitude matrix, which is a regular grid of height data, required ac-
curate maps which have a suitable contour interval to allow prec1se inter-
polation of heights when the intersections of the matrix grid do not lie on 
a known height. The most accurate maps of the catchment are 1977 OS 
1:10,000 which have photogrammetrically surveyed contours at 10 m inter-
vals. The map scale and contour interval were such that .50 m was the 
minimum grid cell size that could be accurately interpolated. The matrix 
generated from the OS map consisted of 23 rows and 29 columns within 
which 256 points lay within the catchment area. The data were analysed 
using a series of morphometric programs developed by Evans ( 1980). This 
software produces descriptive st.at.ist.ir-s fnr g'::'o!l~c,r·phor:'letric '.'ari~blcs. 
Table 4.1 shows the statistics for estimated altitude, gradient and slope 
curvature in both plan and profile. The statistics for gradient and curvature 
are generated from calculations of the first and second derivatives respec-
tively of the sample points and their eight nearest neighbours. 
The catchment area consists of a relatively open moor in its upper part 
and is deeply incised by the river channel in its lower part. This is reflected 
in the distribution of the altitude data indicated by the negatively skewed 
histogram, figure 4.5. The standard deviation value of 48.24 m indicates a 
wide spread of altitudes for so small a catchment. Figure 4.6 shows a line 
printer map of the height data. 
The height data clearly indicate that the terrain is stepped; this is partly 
due to class intervals chosen for I he m<~p b11t it does also reflect structural 
control of the basin form. 
The data for slope gradients -;liu\V .. <1 range from 0 to 21° vvhich indicates 
the miuirnum range of the data because of the coarse sampling of the height 
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Table 4.1 Summary statistics and correlation coefficients for altitude 
HEATHERY BURN Weardale 
NO. OF ROWS= 23 
STATISTICS FOR 253 POINTS WITH NON ZERO GRADIENT 
EST.ALT. GRADIENT PROFC 
MEAN 377.836 9.243 0.362 
SDEV 48.241 4.050 9.996 
SKEW -0.344 0.782 -0.302 
KURT -0.544 0.691 1. 680 
MAX 464.333 21 .243 32.377 
MIN 253. 111 0.854 -37.339 
VECTOR MEAN ASPECT ANGLE 210.462 
VECTOR STRENGTH(PROPORTION) 0.691 
GRADIENT WEIGHTED VECTOR MEAN ASPECT ANGLE 209.565 
GRADIENT WEIGHTED VECTOR STRENGTH(PROPORTION) 0.665 
CORRELATION COEFFS 
EST.ALT. GRADIENT PROFC PLANC 
EST.ALT. 1.000 -0.573 0.136 0.239 
GRADIENT -0.573 1 .000 0.085 0.064 
PROFC 0.136 0.085 1.000 0.234 
PLANC 
-14.637 
81. 105 
-3.376 
19.291 
215.230 
-654.555 
PLANC 0.239 e .064 0.234 1.000 
STATISTICS INCLUDING ZERO GRADIENT POINTS 
EST ALT AND GRADIENT FOR ALL 256 POINTS 
PROFC AND PLANC FOR 256 NON ZERO AND PLAIN POINTS 
WHERE PLANC IS TAKEN AS 0.0 FOR PLAIN POINTS 
EST.ALT. GRADIENT PROFC PLANC 
MEAN 378.495 9.134 0.357 -14.466 
SDEV 48.337 4.148 9.937 80.642 
SKEW -0.360 0.668 -0.302 -3.401 
KURT -0.552 0.672 1. 735 19.568 
matrix data. 
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Figure 4.5 Histogram of altitude data. 
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Figure 4.7 Histogram of gradient data. 
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Figure 4.8 Histogram of aspect data. 
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Figure 4.9 Histogram of profile curvature. 
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Figure 4.11 Histogram of plan curvature. 
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data. The histogram of figure 4.7 shows 2 distribution which is positively 
skewed by a few large gradient values. The map of gradient (figure 4.6) 
shows the steep slopes to be concentrated in the lower incised part of the 
catchment area and along the outcrops of sandstone benches. 
Aspect displays a redangu lar square distribution between about 160° 
and 330°, as seen in figure 4.8. The vector mean aspect angle is 210.5° 
indicating a predominantly SW facing catchment area. This statistic can be 
misleading as it is a geometric rather than an arithmetic mean and may be 
biased by gradient since very fiat surfaces have a weak aspect and very steep 
slopes have a strong aspect. 
Evans ( 1980) proposes a gradient weighted vector mean aspect angle as a 
soiution to this bias. For Heathery Burn this correction is unimportant due 
to the apparently narrow range of gradient values. The gradient weighted 
vector mean aspect is 209.56°. Figure 4.6 further emphasises the dominant 
south-westerly aspect of the hillslopes. 
The values of profile and plan curvature are expressed in degrees per 100 
m. The distribution of profile curvature data in figure 4.9 displays almost 
perfect symmetry between convexity and concavity as indicated by mean and 
skewness values close to zero. Like the gradient data, the range of the profile 
curvatures will be a minimum estimate because of the crude .50 m sampling 
interval between data points. 
However, the map of profile curvature (figure 4.10), shows an interesting 
spatial pattern where a transition from convexity to concavity downslope is 
often interrupted by bench cs of high profile convexity. These show a strong 
spatial correlation with sandstone o\.dcr(•ps and emphasise. the importance 
of the underlying geolog;y in determining ba.sin form. 
Plan curva.t11re of the slopes is a.lmust symmetric ally distributed about 
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zero, that is a slope rectilinear in plan. The values are clustered about zero, 
th!(yj 
hence the height kurtosis value of 19.29; the ~ moment statistic of 
skewness is influenced by several outlying data values which are spatially 
distributed adjacent to the stream channel (see figure 4.11 and table 4.1 ). 
The map of plan convexity, figure 4.10, shows the wide distribution of 
slopes which are almost rectilinear in plan. The slopes adjacent to the stream 
channel show the highest negative cun·at.ure and those near the catchment 
area boundary show the highest. values of positive curvature and seem to be 
associated with small spurs. 
The principal aim of the field experiments is to establish the relationship 
between S.1/I.M. and hillslope gradient given that all other factors are equal. 
Clearly the variables of aspect, profile curvature and plan curvature are likely 
to influence the relationship by their effects upon water and sediment path-
ways for example. Therefore, it is important that sample units be located, 
as far as is possible, on rectilinear slopes so that inter-site comparison rs 
simplified by omitting compounding variables where possible. 
A measure of the interrelationship between geomorphometric variables 
rs given by the correlatior} matrix shown in table 4.1. The strongest rela-
tionship, -0.57 between gradient and altitude, reflects the pattern of channel 
incision in the lower part of the catchment especially where the stream chan-
nel has eroded weak shale bands in the Yoredale cyclothem. Consequently, 
sampling units for steep slopes are likely to be located in the lower part 
of the basin, irrespective of the sampling scheme used. Surprisingly the 
correlation between profile curvature and gradient is very weak ( 0.08), also 
the correlation plan cun·at ure and gradient is very weak ( O.OG ), suggesting 
that Lhe steepest slopes Rre in fact sf raight slopes. The correlations of slope 
curvature with altitude are positive but 'vVealc This reinforces the pattern 
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indicated by figures 4.6 and 4.10 wbere points with high negative curvature 
are predominantly located in the lower part of the catchment area. 
The altitude matrix analysis yielded much useful background information 
about basin form and the spatial distribution of slope properties~ however, 
this could not easily be correlated with details of soil type, soil moisture 
status and vegetation cover which are also essential variables in sampling 
unit selection. In addition, a visual inspection of the catchment area clearly 
indicated that the grid size of 50 m of the altitude matrix and the neighbour-
hood method of gradient and curvature calculation grossly underestimated 
the range of these variables. Therefore, a slope profile survey was undertaken 
in order to derive more detailed information. 
4 .3. 2. Slope profile survey 
The methods used for constructing the profiles conformed to the rec-
ommendations of Young (1974), Pitty (1966) and Cox (1981). A baseline 
was drawn along the stream channel within the catchment area and pairs 
of profile origins were located at approximately 200 m intervals regularly 
along the baseline. The only purpose sampling criteri~Znwas that of avoiding 
plan convex or plan concave slopes. This systematic sample was designed to 
collect detailed information about a large number of slope stations that are 
straight in plan and profile which may be used to direct the field experiment 
sampling unit selection. 
The profile data wete collected usmg a Suunto hand held inclinometer, 
a .SO m tape measure and t'-'\'C> ranging poles. The ground surface length 
w<=ts fixed as .s m, thereby ensuring that a large number of elements would be 
sampled for each proiile while the 5 m length of each station seemed a sensible 
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comprom1se between local undulations and the observed rate of change of 
gradient in the field. Each profile was measured from a fixed stake located 
adjacent to the channel and extended upslope towards the divide following 
the maximum gradient path. The profiles were terminated according to the 
cut-off procedure suggested by Pi tty ( 1966) where by the profile continues 
until the measured slope angle equals that of the slope of the divide. For each 
profile station a record was made of gradient, vegetation type and percentage 
cover, soil type and a categOlrical assessment of soil moisture status. Ten 
profiles w:re measured and in t.otal information was collected at 458 stations. 
Table 4.2 shows the frequencies of hillslope stations in six vegetation classes. 
The moss class is a sub-division of the June-us dominated bog group; the 
other grasses class is a sub-division of the N ardus dominated grassland group. 
Otherwise the constituents of each vegetation class are those described on 
page g~. 
Figure 4.12 shO\vs the location of each of the ten profiles within the 
catchment area and figures 4.13 - 4.17 show the form of each of the ten hills-
lope profiles with the approximate extent of vegetation distribution marked. 
-
Note that ,each profile contains sections where similar gradient and vegeta-
tion cover persist for several measurement. stations. These station values can 
usefully be combined and be termed profile elements, after Cox ( 1978), where 
gradient is constant, profile curvature is minimal and vegetation type (and 
so soil type) is homogen~ous. The construction of hillslope elements classifies 
the hillslope profile data into a sub-set which is suitable for S.M.M. field 
experiments on geomorphometric criteria. 
Table 4.3 gives the summary statistics from the slope profile survey. 
Clearly the profile station data display a wider-range of hillslope gradients 
than was indicated by t.he altitude matrix analysis. An important question 
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Table 4.2 
Frequency of hillslope profile stations in each vegetation class 
Profile Juncus Moss Nard us Grass Pteridium Heath Total 
1 8 1 12 30 51 
2 6 1 6 3 3 11 30 
3 6 5 16 17 17 61 
4 13 1 3 6 14 37 
5 8 17 9 3 21 58 
6 8 6 39 53 
7 1 8 12 8 11 40 
8 1 1 17 2 8 13 42 
9 2 5 15 24 46 
10 6 15 19 40 
'T'~+-~1 ') /_ ........ ...,, ,..,.. 63 180 458 .i.Vl..Cl.&.. J'-t 
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Figure 4.12 Location of hillslope profiles. 
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Table 4.3 Summary statistics for slope profile survey 
Profile Max 11in Mean Median N 
1 18.0 0.0 10.6 11.0 53 
2 22.0 1.0 13.3 13.0 32 
3 15.5 3.5 9.8 10.0 61 
4 23.0 0.5 10.7 9.75 36 
5 36.5 0.0 10.8 9.25 58 
6 27.5 0.0 8.5 8.0 50 
7 35.5 0.0 15.3 14.5 41 
8 37.0 0.0 14.7 13.5 45 
-
9 40.5 0.0 16.4 18.0 46 
-
- --
10 37.5 4.0 17.1 19.0 41 
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1s, do the data from the 10 profiles adeqtwtcly represent the range of slopEs 
present w1th1n the ba.sin? It is unlikely that the measurement of central ten-
clency of gradient is an accurate statistic for the catchment. area as a whole 
since much of this area comprises relatively low gradient heathland which has 
not been sampled heavily. Figure 4.13 clearly shows that the steepest slopes 
are located on the profiles in the lower part of the basin area, as was indi-
cated by the altitude matrix analysis. Because the profiles are sited regularly 
along the channel length they will account in part for the spatial division of 
the hillslope gradients within the catchment area. An important aim of the 
field experiment is to understand the behaviour patterns of S.T·v1.1vl. processes 
over a wide range of slope gradient and environmental conditions. There-
fore, a.n ;mpud.ct.ut. et~ped. u[ ll1e sawpling procedure should be to sampie 
the extreme conditions as heavily as the typical conditions, in spite of the 
difference in their frequency of occurrence. For example, a random sample 
of field locations in the Heathery Burn catchment area would produce an 
or-
experiment where the majority" sites displayed very similar conditions and 
would therefore not satisfy the original aims of the experiment. 
Profile elements were constructed from adjoining station measurements 
with similar vegetation and slope characteristics. The table 4.4 shows the 
frequencies of hillslope elements for each profile. A variety of quantitative 
methods have been proposed for profile segmentation including best units 
analysis (Young 1971) and a linear regression method ( Ongley 1970). How-
ever, these techniques are directed towards quantitative description of hills-
lope form rather than quantitative assessment of sampling units. therefore, 
the criteria used for selecting elements are different. For example, the length 
of mea.sured segments is not important since lengths of zero profile curvature 
can be found \\'ithin the length of two adjoining station measurements of 
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equal gradient. 
Each angle was measured to an assumed accuracy of 0.5°; however, it is 
difficult to measure angles precisely using a hand held inclinometer. A value 
of 1..5° was set for com paring gradient measurements during segment alloca-
tion. Although seemingly arbitrary the 1..5° tolerame value was a practical 
necessity to avoid an excessiYe number of sampling units (segments) being 
generated. 
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Table 4.4 
Frequency of slope elements of similar vegetation and slope characteristics 
constructed from station measurements for each hillslope profile. 
Profile Stations Elements 
1 51 11 
2 30 10 
3 61 13 
4 37 12 
5 58 19 
6 53 12 
7 40 16 
8 42 18 
9 4:. 18 
10 40 12 
Total 458 1. , '4.1. 
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Table 4.5 Frequencies of hillslope elements for each profile (subdivided by vegetation type). 
Slope Profile 
Slope 
Elements 1 2 3 4 5 6 7 8 9 10 
1 J3 J2 J3 J2 f J7 f J7f J4 N8 J3 N7'~ 
2 J2 f J4 f P2+ J3f J4 J3 02 J6 JS'~ N8 
3 P4 f J3f N2 f JS f J3f J2f 06 NS J8'~ N7+ 
4 P2 f N3+ J2f J2 J4 f J3 P6f N6f J6 N4 
5 H3f H2 P3f P2f JS P6 P6f NSf J9 NSf 
6 P3f P3f H3 P4f 08 P2 02 N4 06 N6 
7 P4 J3f H3f H3 01 P4f N2f N3 OS N.7 
8 P3 H3 H3 H1 NS psi N2f P2 06 N6 
9 H3 H4f H2f H3 N4 P2f H3 J2f 02 N4 
10 H2 H4 H1 H2f N3 H4 P4 P4 H6 02 
11 H1 H3 H2 N2 H3 PS N4f H8 01 
12 H2 H1 H2 H2 OS psf HS 02 
13 H1 N2 H1 03 H6f H6 
14 H2 . + H3 -- HS H4 
1S N2 02 H3 N4f 
16 J2 01 H2 N3f 
17 H2 H1 H2 
18 P3 H1 H1 
19 H2 
20 
Total 11 10 13 12 19 13 16 18 18 12 
Sample s 7 7 6 10 6 6 6 8 8 
f - 1 plot 
+ 
- 2 plots 
* 
- 3 plots 
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5.1 lint. rod uction 
Four physical mechanisms have been postulated to produce slow 
mass movement ( S .M .M.) on transport-limit eel hillslope soils: P urc 
shear (Ter-Stepanian 1957; Kirkby 1963, 1967), viscous flow (Sharpe 
1938; Sharpe and Dosch 1942; Varnes 1958, 197.5; Scheidegger 1970), 
crpa.nsion and contraction of particles with net downslope sett.lement 
(l\1oseley 1869; Davison 1888, 1889; Young 1963; Kirkby 1963, 1967) 
and particulate di.f[1tsion of granular materials (Culling 1963, 1965, 
1983a, 1983b). A 11 of these mechanisms, singly or in combination, 
are theoretically appealing and plausible, but few researchers have 
attempted to distinguish among them by analysis of field measure-
ments or by experimentation. 
In this chapter the physical basis of each mechanism is briefly de-
scribed and a summary is given of empirical evidence that has been 
cited in its support. It is assumed that macroscopic downslope move-
ment of soil particles results from the action of physical rather than 
surface (electrical) forces since surface forces are restricted to colloids 
with specific surfaces greater than 2.5 m 2 jg (lvlitchelll976). Physical 
forces may be defined in terms of the stress state within a soil mass 
and this will depend upon a large number of compositional and envi-
ronmental factors such as mineralogy. shape and size distribution of 
p<trticles, nature of nbsorbed cat.i<)ns, pore water composition, confin-
ing pressure. fabric shapt" and avail<~bility of water and so on. Indeed, 
because natural soils Clrt' subject to a wide Y<~riet.y of changing envi-
J'l•nniental c•)IHlitions and hec;,use it is difficult tu estim<tie physical 
p<tram~·ters rclatin.!S 111 111 8/fu soil bt~h;wiour. g,el!eral physico-chemical 
1 '1vuries rchtiJJg cumpnsition<~l <~ncl enviroJJll1C'nt al variables do not 
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help to explain the details of S.M.M. mechanism. It is perhaps not 
surprising that no single mechanism has been universally accepted 
as responsible for S.M .M. given the wide range of soil composition 
and environmental conditions thai have been st.ucliecl. Further, there 
seems no reason to assume that a. single mechanism exists or that any 
mechanism or combination of mechanisms is temporally or spatially 
persistent. 
5.2 JPure §hear 
P11re shear describes deformation of a soil mass along a plane or 
narrow zone, without significant rotation of individual particles, by 
the action of a deviat.oric (shear) stress. The mechanical analysis of 
deformable bodies is termed rheology. Such analysis disregards the 
internal reactions of bodies to forces acting on them. For any given 
applied force the read ion of a body can be characterised in terms of 
its relative deformr~.tion or strain, that is the ratio of its deformation 
to its initial dimensions. The effect of a force in causing deformation 
is directly related to its magnitude and inversely related to the area. 
over which it ads. The ra.titJ of force to area. is called stress. \\'hen a 
force is perpendicular to the area on which it acts it produces a normal 
stress ( (T = F /A); '"'hen the direction of the force is not perpendicular 
to the area on which it. acts it causes a deviatoric or shearing stress 
(r =-= F/A ). Also important in determining the behaviour of materials 
is t.he rcde of change of stress and the time dependence of strain. In-
det>d. the slress-st rain-time rela.lionships of a material fully describe 
i1 s rheological character. Soils invari<tbly e:d1ibit complt>;.: rheological 
pn')wr1 ies ranging frum el<ts1 ic t.n plastic behavionr. A perfectly elns-
tic solid \':lll'n subject t.o siress deforms instanily, rdains i1s new ft•rm 
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while the stress remains constant, and then returns to its original form 
when the stress is released. A perfectly plastic solid on the other hand 
deforms progressively when stressed and retains its deformed shape 
when the stress is released. 
Empirical analysis of the stress-strain-time behaviour of natural 
soil masses has shown that they often exhibit progressive deforma-
tion under a constant pressure, that is to say they creep (Singh and 
Mitchell 1968). The rate ·of strain or creep depends on the ability 
of the material to relieve stress gradually through internal structural 
adjustments. 
All hillslope soils are subjected to shear stresses. However, inter-
granular readjustments only occur when grain-to-grain bonds are rup-
ttuecl and the surface friction for-ces are overcome. A persistent shear 
stress may result in the formation of distinct planes or zones of shear 
failure and areas exhibiting no inter-granular strain. A number of 
researchers have attempted t.o describe progressive failure of hills-
lope soils as a time dependent pure shear process (Singh and ivlitchell 
1968; Pusch and Felt.ham 1980). Ivlitchell (1976) states that progres-
sive strain rates are controlled by the viscous resistance of the soil 
structure. That is, the soil skeleton controls the frictional resistance 
t.o a shearing stress, pore water pressures are assumed to have reached 
an equilibrium state and so high e1fective stresses do not develop. 
Progressive or creep behaviour can pose considerable problems 
fur engmeers \\·h,, need to prt>clict the eJrect that increases of stress 
will have on the stability of the material. Empirical evidence for 
progressive failure of soils <~s a pur<:' shear process has come from 
c<Jnt.rollecl IRboratory testing; undf'r known effedi\'e stress conditions 
using 1 rinxihl ur direct shear 1 est ing apparatus. 
A s'mpk sl1e<ning 11lcchanism may be produced us1ng s1ress con-
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trolled direct shear apparatus suitably modified for the low normal 
and shear forces that apply in shallow soil masses. Such appara-
t.us has been used by Goldstein and Ter-Stepanian ( 1957 ), Singh and 
Mitchell ( 1968) and Andersland and Douglas ( 1970) to investigate 
stress-st-rain-time behaviour of soils. Waldron ct al. ( 1983) used simi-
lar testing apparatus t.o investigate the behaviour of root permeated 
soils: Nixon (1982) and Morgenstern ( 1981) used the same approach 
m the investigation of fine.-grained permafrost soils. 
Singh and Mitchell ( 1968) described the strain behaviour they 
observed for San Francisco Bay clays in terms of rate process the-
ory. That 1s, particles are constrained from movement relative to 
each other by virtue of energy barriers separating adjacent equilib-
rium positions. Normally barriers are crossed with equal frequency 
in all directions and there is no overall change in parhcle distribu-
tion. However, if a directional potential such as a shear stress exists 
then barrier heights become distorted and the force of activation in-
creases in the direction of that potential (Singh and Mitchell 1968). 
This model is borrowed from the study of deformation of crystalline 
solids where rate process theory describes creep as a stress dependent. 
thermally activated process (Feltham 1968). 
Detailed examination of the structural changes which occur in silt.y 
clay soils when they are sheared has provided valuable empirical sup-
port for the energy barrier model of progressive failure (Pusch 1979). 
Puscl1 provides micro-mc,rphologica.l evidence from transmission elec-
tron micrographs of natural, soft illitic clays that. shearing between 
aggreg;-l1es occurs at stress levels higl·1er than about. two thirds of the 
m;;:·:imum cleviotoric stress. The lllicrr)grapbs reveal a complex, het.-
r·r•JgeJT<llls. fobric structure where cl;-;y par1icles tend t.o aggregcdc and 
" 
displacement uccurs bct.weeJJ these a.Q,gregates. Pus'h and Fel1hom 
120 
( 1980) regard progressJve failure as a stick-slip process where stresses 
are built up and released at recognised domains within the silt-day 
structure of the soil. The failure of the soil can be modelled as a rate 
process where there is a range of energy barriers whose distribution 
within the soil mass is random. 
5.3 Viscous flow 
A fluid is a substance that deforms continuously when subjected 
to a shear stress and so in special circumstances a slowly deforming 
solid, like a soil, may be regarded as a viscous fluid. A flow model 
is characterised by the effective viscosity of the fluid, the velocity 
gradient. of the flow, and the deviatoric stress level. However. un-
like Newtonian fluids, soils rarely behave elastically and so non-linear 
flow models must be derived empirically. Resistance within flowing 
material is generated by the collision of particles across the surface of 
shearing, thus inhibiting slippage. The frictional component of flow 
transferred through a plane of shear is proportional to the velocity gra-
dient. The applicability of a flow model to describe the mechanism 
of S.M.l'vl. of superficial soils is uncertain because very few empirical 
velocity-depth profiles are available for analysis and hardly any trace 
the development of that profile through time. 
Rheological analogue models have \wen postulated to describe 
tlow processes within landslides and mudflows. Gcddstein and Ter 
Stepanian (19.57 ), Yen ( 196~1) and Savage and C'hlt·horad ( 1982) use 
a Bingham type (elastic. visco-plastic) model to describe two stage 
s1 r<tilt obsenat ions within rotational lancblides. 
Empiric<~! support for visccms flcm· nwrl1<H1isms for S.J\'1.1\·1. is cle-
r i v c d from :; 1 res s-st r a i n- t i m c o b s e r v ct.1 i u n s d uri n g I a h <j r a 1' 'r y t. e s 1 in g u f 
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materials. Allen ( 1982) postulates that analysis of soil fabric shape 
may provide an insight into its genesis. For example, Lindsay ( 1968) 
has shown that clast orientations and distributions within debris flow 
deposits indicate a rapid, turbulent, surging flow of the silt. and clay 
matrix. Boulton ( 1967) has also shown that strong clast orientation 
is a typical feature of glacial flow fills. The theoretical basis of re-
lating fabric shape to flow conditions is provided in a seminal paper 
by Jeffrey ( 1922) whose t]:J.eory quantitatively relates fluid viscosity, 
flow velocity and ellipsoidal particle size. Jeff~y 's theory reinforces 
perfect. fluid theory stating that particles tend to adopt that motion 
which, of all possible motions, corresponds to the least dissipation of 
energy. In practice both prolate and oblate spheroids immersed 111 
a fluid in laminar motion "11 l A 1 1 •, 1 • 1 • 'I · \\-iu ::>et. t-uelH::ielves wnn tlH'H Jongest ax1s 
perpendicular to the plane of undisturbed motion of the fluid. This 
result was confirmed experimentally by Taylor ( 1922) ,,- ho noted that 
particles take a long time to reach their final orientation and that 
oblate spheroids settle down to a stable position four times as quickly 
as prolate spheroids. Gay ( 1966, 1968) extended Jeffrey's equations 
of motions to particles deformed by pure shear: in this case the par-
ticle's long axis will align parallel to flow only after an indefinitely 
large strain. It is not known in precise detail how collisions between 
particles in highly viscous fluids affect these models (Man ley, A rlov 
and Mason 195.5). 
Fabric shape, however. has rarely been used in this context and 
yt't it provides a method of clistinguishillg between mnterials deposited 
by turbulent and lamin<tr processes. 11 is not known if S.M .M. is 
cnp<1ble of prud11cin~ n sr>c••ntlary. chnr<1c1eris1.ic, cleformatioJJal fabric 
with oblate spher<Jicl panicle:-:: \'\l1ich is lJllan1itatin·l~, dillerf'n1 from 
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WE'H' to possess a secondary fabric stronger than the fabric which 
would result from the act ion of S .M .M.: this would be the case with 
solifluction deposits and glacial lodgement and flow fills. 
Strong fabric shapes in soils su bjectecl to persistent slow mass 
movement have been reported by Yogashita and Morris (1979) where 
the primary isotropic fabric of waterlogged unconsolidat eel sands was 
rotated towards the plane of shear. Mills ( 1983) attributes strong 
fabric orientations of 2 to .10 em clasts in silty colluvial soils to slow 
mass movement. Strong fabric shapes have also been reported for 
clasts suspended in active and relict solifluction deposits. 
Both viscous flow and pure shear processes should produce strong 
secondary fabric shapes, but estimations of movement rates, material 
viscosity and paricle size distribution are required before t.heorehcal 
predictions can be made. It seems likely that several necessary condi-
tions of t.he Jeffrey and Gay theories, such as uniform velocity gradient 
and neutral buoyancy of particles. will not be met by slov,·ly moving 
soil masses. The Reynolds number governs the minimum particle size 
fraction thai will be affected by the tl.ow and, in theory, only silt and 
clay size fractions should be a:tfected by tl.ov,;s with rates of 1 mm to 
5 mm per year . 
. ').4 Volume change behaYiour 
Tht> rept>atecl action of forces which cause volume changes in soil 
masses, m soil pore fluids, and in gasPs will tend to produce a net. 
(kmnsl()pe mc•Yement of part ides on hillslopes. This occurs simply 
be\·;,nsc e}: pausi••JJ and conlract iun ore inhibited by gravity in an ups-
],,]W direc1j,,n <tJHl hssis1cd by g,rc.vi1~· in c. d<",wnslopt> direction (I"vlose-
k~' 1 ;:.,(;9; [);iYisun J ;:::,~;'.; T;11n h1ni 191-';1 ). S11ch prucf'sses will he most 
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effective at or close t.o the soil surface where there will be large varia-
tions in pore moisture content and soil temperature. Terzaghi ( 1950) 
termed such processes $ea.sona/ creep and Scheidegger ( 1970) termed 
them skin creep. Soil volume change induced by freezing of pore fluids 
may be considerable in frost-susceptible soils where ice lenses or ice 
needles can form. Washburn ( 1967) presents a comprehensive model 
of frost heaving, resettlement and gelifl uction in a periglacial environ-
ment. Detailed reviews of frost creep processes induced by volume 
change behaviour can be found in Benedict (1976) and Harris (1981). 
The thermally controlled displacement of dry rocks by expansion and 
settlement has been described in mechanical terms by Scheidegger 
( 1970 ). Quantitative empirical evidence for this process has been pre-
sented by Schumm (1964) and by Tamburi (1974). 
By controlled laboratory experimentation on several rock types, 
Tamburi identified a complex relationship between particle volume, 
temperature flux from particle to surface and effective stress. Thresh-
old stresses exist for given particle volumes and rock types (Tamburi 
1974 ). 
Kirl\ by ( 1967) noted that expansiOn and contract ion cycles asso-
ciated with repetitive changes in soil moisture cause a sigmoid move-
ment of soil particles. The movement is not restrict eel to superficial 
particles but also occurs at depth although no clear movement-depth 
paHern was observed. Kojan (1967) states that shear failure of soil 
part ide bonds must accompany volume changes for downhill strain 
to occur. a situation which \\'ould require the temporary reduction of 
s1lt·;1 r strength on expansion. This mechanism is quit.e di st.inct from 
1 l1 hi propr)sf'd by M os('ley aJI d it is part icnl;uly dfoe>ct ive in partly sat-
11n11ed s•.~ils, with an open metastable strudnrf', in the pn·sence of a 
l1igh shcnring stress (Barden.l\1ndecJ,,r nne! Sides 191.19). 
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Campanella and Mitchell (1968) note that soil volume changes 
induced by temperature cycling cause variation in the voids ratio of 
norm ally consolidated soils. This has the effect. of altering the fric-
tional resistance between particles. Demars and Charles ( 1982) have 
shown, however, that volume changes may contain a permanent and 
transient component that is independent of effective confining stress 
for a normally consolidated soil. Permanent voids ratio reduction is 
directly related to soil plast icit.y. However, the initial temperature 
cycle removes most .Q-.F the irreversible volume change and thereafter 
temperature cycles of the same order of magnitude produce no further 
permanent volume changes. These results have important implica-
tions for laboratory testing and simulation studies of natural hillslope 
soils. 
5.5 Diffusion 
.A novel approach 111 thinking about S.M .M. came from Culling 
( 1963, 1965) who proposed a diffusion model for granular soils charac-
terised by random and downslope components for particles subjected 
to all natural disruptiYe forces. Such forces, whether internally or ex-
ternally generated, cause particles to be cli::;placecl into adjacent free 
Yoicls in the soil structure. This process requires particles to behave in-
dependently of neighbours and movement is controlled by local stress 
and inter-particle bond distribution. providing that suitable recipi-
<"nt voids are available t•• accept part ide t ran slat ion. The translation 
of particles between adjacent voids may be 1 r<1nsient or permanent, 
movement being analogous 1 o Brov:ni<111 11101 i"n hut 011 a macroscopic 
level (Culling 19(:i3). 
CullinJI, (1£18 1) proposes <'t.JJ empirical test uf his 1111•del \\·hich 111-
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valves constructing a voids or particle density map for a plane of soil 
surrounding a circular barrier inserted into a cliff usive flow. Culling's 
model predicts that. a steady state pattern will eventually develop 
around the barrier that is uniquely associated with diffusive flow. 
Flavell ( 1986) has produced such a voids map for a plane of soil ups-
lope and downslope of a circular barrier in a sanely soil. As discussed 
in Chapter 2 the results are supportive of Culling's model. However, 
many factors are likely to ~omplicate an ideal behaviour pattern such 
as fabric shape constraints, diagenesis of soil particles, knowledge of 
past. stress conditions, and the presence of tensiometric or dilating 
forces which may be locally important. 
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5.6 §ummary 
Quantitative evidence with which to test predictions from the 
S.1v1.M. mechanisms outlined may be obtained from field instruments, 
sedimentological investigation and laboratory simulation experiments. 
Direct observation of sub-surface movement is not possible be-
cause of the particulate level and slow rate of the process. However, 
indirect evidence is supplied by the tilting, translation, or deformation 
of buried markers of various designs (Anderson and Finlayson 1975). 
Such evidence describes the cumulative effect of many particles 
acting· ; a physical barrier of arbitrary dimensions. This may or may 
not reftect the true nature of the process because of instrument inertia 
or drag or because of local disruptions of soil microstructure and the 
resultant effect upon the through-flow of water around the barrier. 
If the marker's coefficient: of thermal conductivity differs markedly 
from that of the undisturbed soil then it may not resppncl in sympa-
thy with heat exchanges which stimulate soil movement. Despite these 
limitations, field instruments, if suitably replicated for a given exper-
imental clesign,will provide important information about spatial and 
temporal patterns of S.M.M. which may be analysed statistically and 
which m a.y givf' an insight into the process mechanism. Results from 
such a programme of field instrumentation are presented in Chapter 
I. 
Sedimentological e\'iclence for S.lv] .M h<tsed upon fabric shape re-
lies nn the ability to tf's1 t.he .lr.fjrry/Go_t; theory of viscous ftuid flow. 
This ill1 rodures considerable practical cliH!culties as ana)y::;is requires 
s1 ereo-up1 iced or s1 CH"(>scopic scanning elect run m icros<"opy, which in-
\'1)]\·,·s c<>Jlipl<'.X samplillg ancl prepnration tc,·hniques t.]Ja1. could clis-
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rupt. the fabric. A brief discussion of attempts to analyse fabric shape 
using scanning electron microscopy is given in Chapter 8. 
Experiments which simulate S .M .M. hold the most promise 111 
the understanding of its mechanism. Key variables may be analysed 
quantitatively and controlled independently. At present such external 
control has only been achieved in the laboratory and even then full 
control over the stress and hydrological state of a soil mass is difficult 
to achieve. 
A simple shearing mechanism may be simulated usmg stress con-
trolled direct shear testing apparatus suitably modified for the low 
normal and shear stresses encountered in shallow soil masses. Full 
details of the design and analysis of this shearing test. which attempts 
·-to separate the effects of pure shear and viscous tlow mechanisms are 
presented in Chapter 6. 
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{}. 1 A nn:us 
Laboratory experiments were undertaken to investigate the be-
baviour of natural and remouldecl soils when subjected to levels of 
shear stress that would occur naturally. A procedure was designed to 
test whether direct shearing is an effective cause of mass movement or 
whether other forces must act in conjunction with a shearing force in 
order to promote instability. This is achieved by testing soil samples 
that. are known from field measurement to exhibit high rates of mass 
movement. In situ effective stresses for each sample are re-created in 
the laboratory from field measurements of water table lPvPh:: <lnd slope 
geometry. The soil sample is then su bject.ed to the simulated effective 
stress conditions and it.s strain bebaviour monitored and compared 
witb that measured in the field. 
The same laboratory procedure is also designed to determine accu-
rately the level of shear stress at which a sample deforms at a constant. 
rate and the stress level at which it fails. These are important me-
chanical parameters which are difficult to estimate from conventional 
direct shear or triaxial tests. A number of reseachers have described 
apparatus for investigating stress-strain-time behaviour of soils (Gold-
stein and Ter-Stepanian 1957; Singh and Mitchell 1968; Andersland 
and Douglas 1970), and the equipment. described in this chapter for 
shear testing has been modified from their basic designs. 
The testing procedure also aims t.o quantify t.he effect that soil 
fabric and plant root permeation have on the shearing strength of the 
soil. W<dclron tf ol. ( 1963) describe the use of direct shear apparatus 
11• inn·stigat.e the lwh<t\·iuur ofruot permeated soils at cunst.ant stress 
l~~vels. Jn the cas<:> of \Veanlnle soils, plant routs permeate to below the 
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depth of measured mass movement and so a method of soil strength 
testing vvhich quantifies root effects is essential. 
6.2 DeffinDtiions olf ien:nhwllogy 
The terms used in this chapter conform to the conventions of soil 
mechanics; however, there are a few minor departures and so each 
term is defined to avoid ambiguity. 
Materials can be subjected to shearing, tensile and compressive 
forces which may result in changes to both shape and volume. The 
reaction of a body to an applied force can be eharact.erisecl in terms 
of the ratio of its deformation to its initial dimensions. 
f longt it udinal strain L 
t: = 
6L 
L 
length of body 111 g1ven plane 
Equation G ( 1) 
E may be positive, indicating compresswn, or negative, indicating 
tension. Strain may also be defined as an angular deformation. the 
simplest case being: 
·u 
t: = tan8 
h 
Equation 6 (2) 
The expression for strain is a ratio of lengths and thus dimensionless, 
being expressed as percentage of change to original dimension. 
The e:tfect of a force in causing deformation is directly related to 
its magnitude and inversely related to tlw area over which it. acts. A 
force per 1..mit art>a is ternwd a stress. \Vht'n a stress is perpendicular 
j,, 1 he <'trt'a (lll which it ads it is termed n uormal stress-
CT -~ - lim 
H·-·o -~.4 
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F force 
A area 
Equation 6 (3) 
V·lhen a force is applied in a direction other than perpendicular to 
the area on which it. acts it. causes a shearing stress. 
fJF 
r - lim 
6A->{',;)8A 
Equation 6 ( 4) 
Also important in describing deformation is the rate of change of 
stress and the time dependence of strain. This is defined as t.he time 
· ratt:> '=.lf E"longation or strain rate -
(~ t L 
b. L = elongation 
L = original length 
t = time 
Equation 6 (5) 
The stress-strain-time relationships of a material determine its rhe-
ological character. Rheology is concerned with describing the me-
chanics of deformable bodies which in the case of soils corresponds to 
analysing the degree t.o which a soil exhibits ideally elastic or plastic 
defrormat.ion. An elastic solid d('forms instantly when strf'ssed, retains 
its form while stress remains constant. then returlls to to its original 
tt..• thnt of o. sprinP,. as ddinr·d by lluol:c·s la.w, and is rt:'presented 
Ft G 6·1 
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The property of a body to deform progressively when stressed and 
retain the deformed shape when the stress is released is termed plas-
ticity. An ideally plastic deformation exhibits a positive relationship 
between stress and rate of strain. However, the coefficient of propor-
tionalit.y is not. a .true constant but a function of the yield strength of 
the material and the rate of strain (Mitchel11976). 
0 
f 
, I 
Ideally plastic deformation is analogous to a piston being pushed 
t.hrough a fluid of const'a.nt viscosity ai. a rate proportional to the 
stress. This is defined rheologically as a dash pot or N ewt.onian body. 
FIG 6·2 
Real soils, howc>ver, rarely exhibit ideal beha\'iour, mainly because 
they are non-isotropic materials. They commonly deform elastically 
until some critical point at which elasticity gi\·es way to plastic be-
haviour. 
The experiments described in this choptt>r are designed to mea-
sure the stress-strnin p<n<lmeters at which -;oil:-. undergo progressi\·e 
dE'furm<t1 i.-,n under n constant stress level. SeYeral rc>searchers hnYe 
described ]H<•g.,ressi\'t> hel1nVi11lll' of snils hy <1 rheCJlCJgical model \\'hich 
inc11rp,,r;:,lps bnth t•lns1ic a11cl plastic C(•J1l))CJJlf'nts. termed a J\elvin 
FIG 6·3 
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A more widely held v1ew is that a soil will deform plastically once 
a critical yield stress l1as been attained. A yield stress is defined 
rheologically as a Saint.- Ven ant. friction block. Singh and M i t.chell 
( 1968) suggest eel that a rheological mode 1 incorporating plastic and 
yielding elements corresponded well with empirical stress-st.rain-time 
experiments on non-sensitiYe silty clay soils. The model is represented 
as a Bingham body and described thus: 
FIG 6·4 
According to Mitchell ( 1976) time dependent shear strains develop 
at a rate controlled by the viscous resistance of the soil structure. 
That viscosity would be defined as the reciprocal of the stress-strain 
rate relationship of a Bingham body. l'\'lore generally. the rate CJf 
pr(•gressive deformotion depends on the ability of the soil to relieve 
stress gradunlly through internal structural adjustments. 
If slow mass movement con indeed be described by a rheological 
mc·del of progressive shear deformation then the level c,f yield stress 
ond effective viscosity must be empirically determined from a linear 
stroin rate-stress plot for each soil. 
n.:l Backgrou11d 
E:-qwriments which simul<11e s.:d.J\1. <1re nduahlt> in tl1e under-
~t<tnding llf muvement mcd1<1nism h~· lJ'I<IJJ1ifying the ell'ect of key 
y~,ri<1blcs \\'}Jj,·)l m;1~· l1c u.ntr<J]lf.d J.·l· ... lido?ntly. Ai presPnt snch 
··:-:1,·r11<11 c.,n1 r••l l1a~ .. JJ!~· ],,.,.11 : ... :,;, .,.,.,; i11 tlw lnborn1ory since ac-
'''~:11i· J(''-'"11~.11111'1i .. IJ .,f 1]1l' ~11··~~ ::JJd !,~·dr.,JugicC!l S1i11i':; nf n S<.1il 
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mass Js difficult to produce. Young (1958) and Kirkby (1963) both 
monitored movement of small wires embedded in a soil block which 
was artificially subjected to wetting and drying cycles. In both of 
these experiments slope angle was kept. constant and so the effects of 
shearing stresses and hydrologically induced stresses cannot be sepa-
ratC'd, particularly when factors such as the rate of wdting and drying 
are not varied. Their initial simulation experiments lacked a control 
which is essential to ensure that the treatment effects are not induced 
fortuitously. Corresponding experimental work on thermal displace-
ments of single or loose rocks by Davison (1888) and Tamburi (1974) 
demonstrated the value of isolating treatment effects in quantifying 
processes and in being able to con]pare observed results \\·ith theoret-
ical predictions. For example Tambun (19'(4) notes that theoretical 
moclds, such as that of Scheidegg<"'r (1970 ), had not accounted for t.hC' 
influence of static friction in producing a movemC'ni thr<"'shold. 
The importance' of static friction was clearly demonstrated in a 
precisely formulated experiment and an empirical codficient could be 
ddermined for differC'nt rock types. 
In the case of slow mass moveme1:t, a simple, planar, shearing 
procC'ss may be simulated in the laboratory using stress controlled 
direct shear testing apparatus suitably modified for the low normal 
and shear stresses that act on shallow soil masses. Shear strength of 
granular soils is commonly determined using strain controlled direct 
shC'<H apparatus. In such a tC'st a soil sample is held within a split. box 
\\'hich is subjC'ct.ed to both an arbitrary normal loRd nne! a shearing 
stress procluced by extending the top half of the box at a constant. 
nde. The lower half cof the bt)X is al1 ached 1 o a cnlibrated proving 
ring t hot lllf'Hsnrcs the increase in sht-><H stress \\'it hint he sample until 
it fnib. This test is then rf'pe<dcd for v<nitollS incrcmentiil incrt•asf's in 
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normal load until a cune of failure points can be plotted for vano11s 
normal loads and peak or residual shearing stresses; see figure 6.5. 
The test is termed strain controlled because the outcome of the 
test is often dependent upon the rate and magnitude of stress applied 
to the sample. However, it is well known that the behaviour of many 
soils varies with the rate at which stress is applied to them and that 
some soils fail when subjected to quite a low shear stress for a long 
time period (Mitchell 1976) .In order to study the behaviour of soils 
under realistic stress conditions, stress controlled direct shear testing 
may be substituted for strain controlled testing. In the stress con-
trolled test the lower half of the shear box is fixed to an immobile 
plate and the shearing force is applied only to the upper half of the 
box. A normal force is also applied in order to simulate ver-tical or 
geostatic stress. Once a shearing force is induced the vertical and lin-
ear patterns of strain are observed, through time, from linear motion 
transducers. Shearing forces are incremented in order to produce a 
stress-strain-t.ime graph (see figure 6.6) and to measure the stress at 
which continuous motion will be initiated (yield stress). Such time 
dependent motion, often termed secondary creep, results in fabric 
rearrangements which may cause a loss of strength (Mitchell 1976). 
This test has several advantages over the strain controlled procedure. 
For example, 
(i) it. is likely to give a better estimate of yield strength for soils ·which 
deform in a duciile fashion. 
(ii) the testing procedure is equally suitable for both brittle and clue-
tile materials providing thC1t strai11 rat.es are slow enough to allow 
pore water pressures t n dissipate dnrin.l'. t t->St ing. 
(iii) it con uc;efnlly sirnul;:t1e tl1f' ;,, _,,fu t lfccti\·v ·:;tress state uf a sample 
<1nd sn IJ;,s ii role in s1nhilit~· pn·di,·tj,,n. 
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Figure 6.5 Typical plot for strain controlled, direct shear testing. 
11'1ormal sh~ss 
C' El iSHective cohesion 
}2f 1 'it. intemal hnciion 
Figure 6.6 Stress-strain-time plot for stress-controlled shear testing. 
()3 
C5 =effective normal stress 
(after Mitchell 1976) 
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The apparatus used in the following experimental procedure is 
shown in figure 6.7. The shear box and stand were purpose built for 
stress controlled testing. The box itself is larger than a standard 60 em 
x 60 em x 6 em box to give a large shear surface in order to minimise 
the chance of strain behaviour being influenced by anomalous soil 
structure in the shear zone. The box was enclosed within a watertight 
collar in order that the sample should remain saturated throughout 
the test if required. 
The normal force, provided by weights mounted on a travelling 
hanger, was applied to the centre of the top plate of the shear box. 
This plate was shaped to allow equal spread of load over the top 
surface area of the sample during testing. Within the box itself the 
samnle w::1.s he!d in pbcc b:r· two 1idged brass plates with a ridge pitch 
. . -
of .5 mm. The plates were solid and non-porous, because drainage was 
not permitted through the top and base of the sample since the test-
ing procedure was to be undrained. Normally undrained direct shear 
testing results in a rapid build up of positive pore water pressures 
within saturated or moist. samples. However, with stress controlled 
testing the pore pressures have adequate time to dissipate during test-
ing and so drainage need not be provided. This greatly simplifies the 
proct>dure because pore water pressures need not be artificially con-
trolled. 
Tbe shear box, collar and hanger were mounted on a rigid steel 
fretme and fixed to a stable base for the duration of the tests. 
l\c•rmal and slwar forces are applied to the sample by applying 
mass, in increments, to the hanger and pulley system shov-.'n in figure 
6.7. The shear si ress for soil of thickness z etnd nni1 weight l on a 
slope .,f nll_!!,le e Cnll be caJcuJnled from: 
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Figure 6.7 Apparatus for stress-controlled shear testing. 
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T l's · ::. · sin BcosB 
Equation 6 (6) 
and the effective normal stress from: 
Equation 6 (7) 
where a is the total vertical geostatic stress,::: = depth, and v the pore 
water pressure. Such stresses are an order of magnitude lower than 
those commonly encountered in direct shear tests (a not normally 
exceeding 50 kN /m 2 ) and are imposed upon undisturbed soil samples. 
fully saturated samples are used in an undrained test which proceeds 
so slowly that pore water pressures have sufficient tlme to dissipate. 
Long time intervals are required for each test because very low, but 
nevertheless significant, strain rates can be expected in the direction 
of shear. Strain rates measured in the field vary from 0 . .5 mm/year 
to .5.0 n11njyear in any one plane. Because of these very low rat.es an 
accurate linear motion transducer system is needed to detect changes 
111 strain at an hourly timescale. 
This instrument has a travelhng arm whose position relative to 
its casing produces a variable resistance to an electric current. There-
fore, its output voltage is directly proportional to the displacement 
of the arm provided there is stabilized input voltage. A transducer 
\Vas mounted on the shear box frame to measure both displacement 
,,f the top plate of the bO>: (vertical consolidaJion) and horizontal 
displacement of t.lJc top half of the box relat.ivc to tlw fh<'d bott.nm 
pHrt. Each 1r<tnst!1Jcer W<tS conrwded t.o a s1<tbilizccl input voltage 
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and a chart recorder to monitor accurately output voltage, and so 
displacement, accurately through time. Figures 6.8 and 6.9 show the 
voltage to displacement. calibrations for the two measurement scales 
used during the testing. Both instruments showed excellent linearity, 
thus allowing a simple calibration to be derived. 
Transducer Xl D 1.25(mV) (X 10 scale) 
Transducer X2 D 1.4.5(mV) (X 10 scale) 
D = displacement in m.10-4 
The strength of the calibration relationships, calculated from ten 
measured points, were X 1 : 99.6 % of variance explained and X 2 : 97.2 
% of variance explained. The best fit lines were not forced through 
the origin because the transducer is likely to be least. accurate at the 
extremes of its range. Both instruments, however, seem very accurate 
over the intended range of mP<>.surem.cnt.. 
6.4 Experimental Procedure 
Testing proceeds by applying a predetermined norm a] force to a 
fully saturated or air dry specimen of dimensions 10 em x 10 em x 2.5 
em. The normal force is usually identical to that of the soil sample's in 
situ effective normal stress. The sample consolidates \vhen the normal 
load is applied. This is monitored until movement ceases or is reduced 
to a rate of 0.01 mm/hour or less. A shear force is then added in small 
increments until the required in situ shear stress level of the sample 
is reached. The response of the soil is plot1 ed as a graph of strain 
against time for each level of shear stress. Shear stress levels must. 
lw increased in small increments because a large static force a.clclecl 
inst <11Jtly replt'Sf"JJt~ on 11nrealis1 ic rate of siress application \\'hich may 
itJdll<'f' fndJH<" J"'H"1!Jii1ttrel~·· A gra.dual build-up which nllows the soil 
tn ;,hs11rh tl11· str•'~,s full~· ;t1. each level nlleviatcs this problem. Once 
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the target shear stress 1s reached and studied the test may continue by 
further addition of stress in order to determine the yield stress value 
and the peak shear strength. 
A simulation run for each level of effective normal stress a11ns to 
identify the equilibrium state, in terms of stress-strain behaviour, for 
every applied shear stress value. Four equilibrium states are possible 
as shown in fig 6.10: 
( i) no strain 
(ii) primary creep ( inihal extension followed by recovery) 
(iii) secondary creep (time-dependent strain) 
(iv) tertiary creep (acceleration of strain to failure). 
No strain will occur if the deviatoric stress is less than the modulus 
.of rigidity of the solid structure when its behaviour resembles that of 
a brittle solid. 
Primary creep shows initial rapid extension followed by an asymp-
totic recovery pathway typical of deviatoric stresses below the yield 
and failure thresholds. Initial rapid strain occurs on loading as the 
rate of stress application is instantaneously very high. This does not 
seriously disrupt t lw test provided that. the stress increments are small 
compared with t.he maximum cleviatoric stress. The recovery phase 
represen"t.s an increase in soil strength analogous to work hardening in 
ductile solids (Tabor 1979: Pusch and Feltham 1980). The rearrange-
ment of soil fabric ( Oda 1977) and internal electro-chemical bond 
rest1uduring (Pusch 1979) may C~ccr,unt for this etpparent strength 
increase in soils. 
The stress st <tte <tl which a constant rat.e of movement occurs rep-
resents tlw critical yield stress for S.l\'1.1vJ. which can then be cumparecl 
with the known shear stress ntlculoled from t.l1e fielcllocati.:m. Ex-
pcrimcnt:illy induced s1r~till rr11es may be co1np<trcd with observa1i<:tns 
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of strain obtained from field instruments; similar strain rates would 
support (although not prove) the hypothesis that mechanisms in the 
field and in the laboratory were the same. 
Tertiary creep represents the phase of soil failure. ln a brittle solid 
the shear stress value at which tertiary creep occurs would represent 
the peak shear strength. Therefore, the difference between the two is 
a measure of the susceptibility of the soil to S.M .M. 
6.5 Experimentall resunts 
Experiments were carried out on samples of three soil types col-
lected undisturbed from the Heathery Burn catchment for which 
monthly S .M .M. records are available for an eighteen month period. 
The soil properties for the three soil samples arf' rlf'btilPrl in t<-hle 6.1. 
These sites were chosen because of the high rates of S .M .M. that were 
measured in the field at these sites, all of which showed a. strong con-
sistent linear trend of movement through time. The samples also span 
an interesting range of consistency, from a sensitive silty sand to two 
insensitive clay silty sands which have very different index properties 
despite their similarity in particle size. 
Figure _6.11 ~_bows a summary stress-str_ain-time diagra1p for sam-
pleA (site 2/1) in its undisturbed state with the direction of shearing 
orientated to the maximum gradient vector of the site. At. low levels 
of shear stress, the sample deforms rapidly before reaching a point 
\\"here no strRin JS a.ppcnent with time. 
This is often defined as a terminal strain (Lohnes and Handy 
]9('ii'l. analogous to 1he pnth of a. primary creep curve where fabric 
rc<1rra11P,ements resul1 i11 i1pparent strengtht'ning. This sample begins 
1 ,, ~-h• •\'.' signs (,j' c(,nst ant. then accelerR1 in g. dcfnrmat.ion wit.h a shear 
. ") 
s1rt·:-=s level • f J(J kN/m- bn1. then llndt?r.goL's a phase of decelerating 
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strain and recovery after 1<3 hours. A phase of constant, then accel-
erating rate of strain leading to failure is finally exhibited when the 
shear stress level reaches 11 kN/m 2 . Figures 6.12 and 6.13 show the 
stress-strain-time plots for samples B (site 4/4) and C (site 2/6) in 
an undisturbed state. These samples show less erratic displacement. 
patterns in the primary creep phase but both show a sudden, sharp 
transition to secondary then tertiary creep before failure. 
Figures 6.14 , 6.15 and 6.16 show the stress-strain-time curves for 
each of the samples tested after remoulding, that is a total disruption 
of the original soil fabric and a removal of inclusions such as plant 
rootlets and macrofossils. Each of these curves shows a smooth pri-
mary phase followed by a sudden transition to an accelerating strain 
nde ~ncl failure. The level of stress that each of tl1e remoulded sam-
ples can withstand is significantly reduced, see table 6.2. This result 
emphasises the importance of the pnmary soil fabric and rootlets in 
contributing to shear strength. 
Among others, Goldstein and Ter-Stepanian ( 1957) and Singh and 
1\'l itchell ( 1968) have suggested that soils which behave as ductile 
solids display a linear strain rate stress relationship. \~ihen strain 
rate is plotted against _stress levels the reciprocal of the gradient of 
the relationship is the plastic viscosity of the soil (Lohnes and Handy 
1968 ). Singh and Mitchell ( 1968) first. postulated that creep behaviour 
of soils corresponds rheologically to a Bingham body. 
Figures G.17-6.22 show strain rate plotted against stress for each 
of t.lw soil samples in their undisturbed and remn11lcled forms. Each 
of tlw remouldecl samples shows a clear line<\1 relat.ionship but the 
snJall u11mber of stress incremf'nts which cutJ],] he <tdcled to samples 
Band(' means tl1<11 the rel<Ifi·~~nsliip ~~ r;11.l1er imprecisPly deiined. 
Lul1nes and HaJHly ( Fl(i;'\). SiJ•.U.h <t.tHl \l1t, ht>]] (]~)(itS) and l\1i1chell 
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Figure 6.12 Stress-strain-time diagram for sample 4/4 (undisturbed). 
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Figure 6.14 Stress-strain-time diagram for sample 2/1 (remoulded). 
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Figure 6.15 Stress-strain-time diagram for sample 4/4 (remoulded). 
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Figure 6.16 Stress-strain-time diagram for sample 2/6 (remoulded). 
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Figure 6.17 Strain rate against stress for sample 2/6 
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Figure 6.19 Strain rate against stress for sample 4/4 (undisturbed). 
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Figure 6. 20 Strain rate against stress for sample 4/4 ( remoulded). 
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fjgure 6.21 Strain rate against stress for sample 2/1 (undisturbed). 
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( 1976) suggest that extrapolation of t be relationships through the x-
axis defines the yield stress of the material. This would be analogous 
to the force required to initiate movement of a St.- Venant. friction block 
111 a rheological model. Indeed the remoulcled soil curves correspond 
well to that suggested for a Bingham body. 
The undisturbed samples appear more complex. Each of the soils 
does exhibit. a linear strain rate-stress pattern at high stress levels but. 
at. lower stress levels 1 he linear fit does not seem appropriate. Indeed 
both samples A and B both appear to possess a clear break in the slope 
of the line, perhaps suggesting a threshold of movement behaviour. 
This may be clue to the presence of true cohesion in these soils due to 
mineral cementation, electrostatic attraction between closely spaced 
particles or surface adhesion of particles. As testing proceeds and 
large fabric readjustments occur such forces will become negligible 
and a purely frictional response to stress will resume (Mitchell 1 ~J 76). 
Plotting strain rate against time at each successive stress incre-
ment allows evaluation of the stress level at which a dynamic equilib-
rium is reached. Figure 6.23 shows the plot for soil A. It is interesting 
to note that strain rate at the yield stress level of 12.0 kN /m 2 dis-
plCt.ys a fluctuating pattern which dampens with time to a steady rate 
of 1.0 %/hour until failure occurs after 34 hours. SinC"e there is an 
initial recovery phase of six to eight honrs followed by several oscilla-
tions of periud appro}:imately four hours it would be unwise to apply 
lone! increments at a greater frequency 1 han once per thirty six hours. 
One of the problems \\·ith this testing prr,ceclure is the inability 1.o 
incrt>ase deviatoric stress on a continu<,us ( rclllwr than incremental) 
sc;de a.nclthus perhr.p:-; the 'riticol stress \.<t!uc heillg. sought may be 
missed hccnuse .,f Sll<;.JPJJ f;ti!urc f,>Jl<•\YilJ.l!. ioo<t<.lilJ)!;. Tl1is diiticulty is 
<'IIC011111Cred wiJ;tlo'\.•.>r tl1e <tpp;n;'t1lls lts('d <•lid is dt']WlHlcJJ1. o11 the 
Figure 6.23 Strain ra~e against time for sample 2/6 (undisturbed). 
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magnitude of the stress increase at each loading, the sensitivity of the 
soil and the stress history of the soil. ln practice shallow soils which 
han· not been overconsolidated pose little difficulty because the range 
of stresses between the yield and peak levels represent a transition of 
behaviour rather than a sharp threshold. 
The peak shear stress values obtained from this test procedure 
are consistently lower than those obtained from shear vane apparatus 
or conventional strain controlled direct shear testing (table 6.2). In 
the case of S.M.M. studies involving low effective stress levels this 1s 
mainly clue to t.he inherent unsuitability of tests which employ 
( i) a high rate of stress application 
( ii) inappropriate level of shearing stress 
(iii) small area of shear surface 
iv) inappropriate orientation of shear surface. 
Additional variability may be introduced because of non-identical 
samples, variable drainage conditions during testing and differences 
in sample pre-treatment. However, the similarity between values ob-
t ainecl from direct. shear testing and field vane testing would appear 
to indicate that the latter factors exert a minimal influence. The sim-
ilnrity of test prclC'eclure beivveen stress and strain controlled direct 
shear testing, and the differing results. would strongly indicate that 
the rate of stress application during testing and the level of applied 
st ness are crucial. As the stress controlled apparatus is designed to 
simulate realistic strf'ss leveb and strain rates the result.s obtained \Vill 
be nwre reliable indicators of sta.bilit.y thresholds tl1an those obtained 
fr,_,m other conventional geotecbnical procedures. 
Table fi.2 also slwws yield st rf'Ss values to be consisteJJi ly less than 
pe;-1k stress \·alue!-i in all soil types studied although in s(oil B \\'hose 
~l!•:;·:J strellgth has a high fridiun<1l compllncnt. 1lw difftT('JICL' is not 
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TABLE Cl<>~ 
Soil Physical 
A B c properries 
If Sand 60 54 84 
'J< Silt 25 32 12 
<;f Clay 15 14 4 
Liguid limit (<:f) 65.50 98.57 71.12 
Plastic limit ('if) 48.38 -:].62 5175 
Plasticity index ('it) 17.12 25.95 19 .. '\7 
Dry density (Mg/m 3) 1.83 1.91 1.95 
pH 4.9 4.5 5.1 
Loss on ignition ('It) 12.88 10.65 344 
Saturated moisture St 74.77 66.42 57.38 
TABLE G\•2 
A comparison of Sites 
georech nical 
procedures A B c 
Srress Tp 12.0 12 A iis.u ...... v 
ccrr::rv!!eJ 7~· 11.0 12.5 17.0 
resr Tr 5.0 7.0 17.0 T - Shear srrengrh (kN/m2 ) 
.1r(pr) 7.0 6.0 1.0 cp' - I nrerml friction (degrees) 
cp;, 28.0 35.0 42.0 r - Peak 
cp~ 29.0 35.0 42.0 y - Yield 
r 
-
Remoulded 
Strain Tp 15.0 22.7 27.9 
conrrolled Ty 11.6 14.1 25.4 
rest Jrrpn 3.4 8.6 2.5 
C/Jp 31.0 36.0 42.0 
cp~ 30.0 ;'16.5 40.5 
Field Tp 15.69 21.90 26.15 
shear vane 
TABLE 6•3 A comparison of predicted rield srress levels. actual field stress levels and obsrrn:d 
mo,·emenr rates for three tc:sr soils. 
Site 
A 
B 
c 
Predined yield stress 
rk:\/m2 ) 
l"ndisturbc:d Rtmouldtd 
11.0 5.0 
12.5 7.0 
1'.0 17.0 
AT- ANDF.R~o~·s tube. IP- Indinomerer peg. 
Actual field Obsnved movemenr 
srrrss lcm 21,-ear) 
(kN/m 2 ) 
AT IP 
2.72 6.00 11.05 
2.12 7.25 7.50 
1.21 5.55 8.30 
164 
significant. This confirms that all soils studied exhibit the potential 
for S.M.M. 
From table 6.3 it can be seen that the shear stress thresholds 
needed t.o initiate SJv1.M. in all three samples by far exceed the sim-
ulated naturally occurring shear stresses corresponding to each soil 
type indicating that. samples should not exhibit. S.M .M. from a shear-
ing mechanism. Data from Anderson's tubes and inclinometer pegs 
(Anderson and Finlayson 1975) indicate that significant movement 
does occur at each site suggesting that the simple model of the soil 
undergoing slow confined shearing does not provide a full explanation 
of the mechanism. The test, however, provides a valuable method of 
testing this hypothesis quantitatively. 
Results from the remoulded samples show that the presence of 
plant rootlets, fabric shape, and soil structure contribute significantly 
to the yield and peak shear strength of soils A and B. 
Clearly vegetation type and soil structure exert important con-
trols over S.M .M. by the addition of apparent cohesion to the soil 
matrix. Root type, depth of penetration and spatial pattern of root 
system are of particular importance. Vlaldron et al. ( 1983) note that 
alfalfa (herbaceous) rootlets can increase apparent soil cohesion by 
up to 50 % which is in broad agreement with the results in table 6.3. 
Soils A and B have loss on ignition values of 12.8b % and 10.65 % 
respectively, and are densely permeated by long penetrating htncus 
$quorroc~lls roots. On the other hand soil C has a loss on ignition 
value of 3.44%. and is sparsely permeated with a shallow network of 
nne t]brous roots. These differences may explain why the apparent 
<< . .J~esion varies s<• si.e;nincantly among soil types despite similarities in 
1ltc <tngle of internrtl friction. 
Tltc testing JnnclJdnres dPscrihcd <trt' )lrtrl.icularly <tppropriate fur 
165 
assessing how plant roots affect shear strength for two reasons. First, 
the slow rate of the test allows the roots to strain in tension rather 
than be sheared rapidly; and secondly, roots are tested over the range 
of stresses which would be encountered in the field. Tensional strain-
ing of roots is important as the lignin in the root's cell wall only 
displays longitudinal strength (\Valdron ct al. 1983). 
8.15 Comparing ex]peirinnental Jresuhs with field observa-
tions 
The stress controlled direct shear test. can be used to predict move-
ment. rate in the field if movement is parallel to the ground slope 
surface once the strain rate-stress rela~.ionship has been established. 
Consider the balance of forces used to solve a conventional planar 
stability problem where a shear stress and shear strength are defined 
thus: 
shear stress Is · :: · sin8cos8 
and 
shear strength I ') ·I c + 2.(o3 8( l's - rw) tan 1' 
c
1 
= effective cohesion, 
Is = unit weight of soil, 
- 1 w = unit weight of water, 
(/J 1 = angle of internal friction. 
(:! -= slope angle Equation G ( 8) During 
progressive failure effective cc•hesion is reduced to zero by definition 
and the angle of internal friction is replaced by the npparen1 viscosity 
of 1 he soil as measured from difl'erent shear t.o normal stress r<Jtios. 
Thcrefure at instabilit\.· the....!... ratio will cc•lTt'SJ)Ond 1" a rriven rht.e of 
Ur b 
l1Hl\'E'l11CI11. 
Tlw rehli<oJJSllip C<1l1 br· rcarriingcd t.o solve fur <ill eqnivalen1 slope 
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angle for any g1ven T ratio. 
CTn 
If 
then 
1 
T 
'Ys ·:.: · cosesinB 
- · cos 28(r·s - /'w) 
s·i n8 · .. )'s T 
--,• 
cose(/';-/'w) O"n 
T 
~- ta.ne = 
O"n 'Ys 
Equation 6 ( 9) 
Equation 6 (10) 
Equation 6 ( 11) 
Equation 6 ( 12) 
Therefore for any g1ven soil with zero pore water pressure an equ1v-
alent slope angle can be defined for each normal to shear stress ratio 
at any point leading up to instability. Table 6.4 shows this equiva-
lent slope angle plotted for soil sample A (undisturbed) for a number 
of shear stress levels. The pattern indicates that. slow strain is pre-
dieted for lo\'\' slope angles; however, that movement is very small, 
less than 1 mm/year for the actual slope angle of the site the sample 
was derived from. This result assumes that the sample will exhibit a 
time dependent. movement. at all stress levels above the yield stress as 
defined by extrapolating the curve of strain rate versus stress. The 
previous comparative anc-t!ysis between meRsurecl shear strength, or 
critical stn·ss in this cose. wlwre a iertio1:1 crf'ep curve WRs observed, 
makes 110 s11ch <i.ssumptinii and probr~hly f'qU<1fes better t.o actual be-
haviour. However, the s1ra.in l'i!l.c·~1Jc~:c-. Ii'!ilti,mship of a ductile soil 
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Table 6.4 Equivalent slope angles 
{) 
'T O'n .L Un 
50 86.8 496.2 0.175 
10° 171.0 484.9 0.35 
15° 250.0 466.5 0.54 
20° 321.4 441.5 0.73 
25° 383.0 410.7 U.U3 
30° 433.0 375.0 1.15 
35° 469.8 335.5 1.40 
40° 492.4 293.4 1.68 
168 
has many practical applications and further work is required in or-
der t.o establish bow the relationship varies with soil consiste11cy and 
fabric. 
6.7 Sun1mary 
The stress controlled direct-shear testing procedure has allowed 
the thresholds of initial soil yielding (yield stress) and final soil failure 
(critical stress) to be identified for levels of stress appropriate to the 
samples' undisturbed field state. Since none of the samples has been 
overconsolidated this gives good results which incorporate the effects 
of primary soil fabric and rootlet. inclusion within the samples. Shear 
. 
strength values obtained from conventional strain controlled testing 
consistently give higher values for shear strength which are likely to 
be too high clue to the lack of consideration of root and fabric effects. 
The simulation experiments described above are a first. attempt 
to model shear movement. by reconstructing the intrinsic stress state 
of the soil. A !though these preliminary results are restricted to the 
recognt.ion of a simple threshold this is nevertheless a valuable first 
step in predictive modelling. Further progress should be made by 
controlled <tlteration of soil moisture properties. and by subjection to 
differing levels of thermal disturbance during testing. 
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7.1 lExpernnnentaJ design 
The field experiment. described attempts to test two general hypothe-
ses; first, that S.M.M. rate or activity is positively associated with hills-
lope gradient (other factors being equal), and second, that vegetation and 
moisture status strongly influence SJvl.M. activity. This forms the basis 
of a hi-factorial experiment in which the interaction between gradient. 
and vegetation may be analysed for its effect upon S .M .M. rate. 
In simple mechanical terms, gradient is thought to influence S .M .M. 
because the force acting upon a body at rest on an inclined plane, in the 
direction of that plane, is proportional to m.g.sin.e. In addition, within 
a soil mass, shear stres!:i is a function of slope gradient. 
Shear stress = )'s · :: · s in&cos() 
Equation 1 ( 1) 
Several researchers have proposed equations to describe the transport of 
colluvium on hillslopes where movement rate is expressed as a function· 
of slope angle. 
•X1 
C(.::) =- k5 sinp j J..1(.::') · d::' 
:: 
Equation 1 (2) 
The elfed of vegetation COYer in modifying s·.l\I.!\1 lli1S L•ef'n \Videly re-
ported from empirical studies. However, the precise Incc!Ia.nism by which 
moH'l11CrJl i!:i affected is not well understood. /\ ndcrsc •Il and C'ox ( l984) 
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attribute widely vary 111 g observations of S. l\'1 . !VI. in a catchment aren to 
differences in soil moisture and soil texture, which were 111 turn associ-
ated with major changes in surface vegetation cover. In their analysis, 
the vegetation cover was selected as a surrogate variable for the combined 
influence of moisture and soil consistency on mass movement. The im-
portance of plant rootlets in increasing a soil"s resistance t.o deformation 
was demonstrated in Chapter 6 in the context of a direct. shearing force. 
However, rootlets may also disrupt and weaken the soil fabric through 
particle mixing and by the transmission of forces exerted from above 
ground level through the roots. The structure and morphology of the 
root system will be important as will be seasonal changes in root growth 
and decay and moisture availability. 
1vleasurement.s of S.M.M. made by prev10us researchers have never 
revealed a strong association with gradient (Young 19.59; Kirk by 19G3; 
Evans 1914; Anderson 1977; Rashidian 1984; Auzet. 198.5). Finlayson 
( 191G) attributes this weak relationship to the disrupting inft uence of 
other biological and pedological forces. Several factors mitigate against 
this relationship being observed easily. 
( i) Fewer measurements have been m acle on steep slopes, such as 
those with angles greater than 30°, than gentler slopes. 
( ii) Those measurements made on steep slopes are likely to have 
sampled soils which persist there because of high resistance and efficient. 
drainage. \Vhereas, within slow moving soils (by definition) there cannot 
he such an adjustment between gradient and resistance of the soil. 
(iii) The mechanical behaviour of the soil is influenced by the profile 
and plan geometry c•f the slnrw as well as a local measure of gradient.. 
Very few researclwrs h<1\·e at tcmpt.ed 1(• sample a consistent set of slope 
faccf.s. such as straight sk'[H:' elements, which \VOtdd simplify analysis. 
(iv) The process c•f nwasuri11g S.I\'I.ivl. is rather imprecise and most 
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f-ield based results contain a striking number of unusual or wild observa-
tions. Unfortunately, the presence of even a few wild observations has 
<Qj· 
an extremely ad verse effect on a least.-sq uaresAcorrelation calculation. In 
addition, experience seems to show that steep slopes show the widest 
scatter of results (Anderson 1977; Finlayson 1976). 
Other important. sources of bias in S.f\'I.M. field movement and exper-
imenta.tion include measurement bias from the instrument used or from 
the human interpretation of the instrument reading, and most insidious 
of all, bias resulting from unfortunate sampling schemes. 
Some of these problems can be overcome through the careful choice 
of measurement techniques, instrument replication, random sampling 
within treatment categories, and finally through the comparison of re-
sults with exogenous data. from a similar e~~!Je1imcnt. 
Analysis of the resulting data. must account for the possible intluence 
of a few unreliable results. Therefore, an estimate of central tendency, 
based on the median-' rather than the mean, is extremely useful because 
of the resistance of the median to the influence of a wild observation. 
The temporal pattern of S.M .M. events is very poorly understood 
beCQ.~A.se very few studies have been sustained for long periods at close 
sampling intervals. Also, previous studies may have been biased towards 
visibly active sites. 
A consideration of temporal behaviour has been introduced into this 
study for both theoretical and practical reasons. Many theoretical state-
ment.s about. S.Ivl.M. assume t.he process to be temporally persistent: 
however, Anclers0n and Cox ( 1986) demons! rate that. rapidly tluduating 
cli!lla.tic Yariables do inHuence mass movenH'-nt. Regular monitoring is 
required in (>rder that seasonal effects lllCIY be det.ectecl thereby ensunng 
t\,at ~n ann11nl m<>Vf:'lllt'Jlt rate is a 111eaningful measure. 
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7.2 lFactoda~ experiment 
7 .2.1 One-way analysis of variance 
Table 7.1 shows S.M .M. data for three depths of inclinometer pegs 
and for Anderson's tubes. Mass movement is expressed as an annual 
volumetric measure for the inclinometer peg data and as annual linear 
(surface) and volumetric movement for Anderson's tube data (to allow 
comparison of the two measures). 
In the first instance a simple hypothesis test should reveal if mean 
movement rates differ significantly in each slope and vegetation category. 
Table 7.2 shows that for 15 em pegs only the Nard1ts group has a mean 
which is significantly different from the other vegetation groups and that 
all groups have very high standard dtv ia.Liuus. An in::;pcct im: uf t ht' 
residual variation for each vegetation class figure 7.1 indicates a \vide 
scatter of data, particularly in the ]uncus group. The 10 em peg data 
show slightly better separation among the vegetation groups but the 
Nardus and Ptcridium groups overlap considerably. Five em peg data 
separate more clearly but the standard deviations for each class rem am 
large compared with the mean movement rates themselves. 
Table 7.3 shows results from AN OVA of Inclinometer peg data S_(:'p-
arated by slope angle class. Fifteen em peg data appears to show no 
division according to slope class, however, the 10 nn and .5 em data do 
show evidence of class means increasing with slope angle, although the 
results are not significant at. the 0.0.5 e-e-Hfiden-ee level. 
Similar analysis of the Anderson's Tube data, table 7.4 and table 
7.5, again indicates a confused patletn where there is a large variation of 
movement rates present wit hi11 each vegetation and slope category. The 
mean movement rat.es for A nclerson 's Tubes and I11clinometer Pegs sh(Jw 
a Wt>ak positive assc.ciat.ion with slope angle. The vt·getation groups show 
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little agreement with the model except that the Nardu.s group consistently 
shows the lowest movement rates and often has the lowest variability. 
Inspection of plots of residuals from the analysis of variance shows 
that several wild or extreme observations are present in the data. Figure 
7.2 demonstrates these dearly for the Nardu.s and Pterzdium group with 
Anderson's Tube volumetric data. 
The failure to reject the null hypothesis in all the analyses of variance 
may be in part due to the influence ot a few unreliable readings in each 
of the data sets. 
Since slope and vegetation factors cannot be uniq udy attributed to 
explain S.M.M. rates their combined influence is assessed In a two-way 
analysis. 
Table 7.1 Summary statistics for S.M.M. instruments. 
N N* MEAN MEDIAN TRMEI\N STDEV SEMEAN MIN MAX 
IP 15 59 10 136.3 115.5 126.1 133.0 17.3 -292.4 761.4 
IP 10 57 12 99.0 78.6 92.5 116.7 15.5 -181.3 459.3 
IP 5 62 7 39.99 28.70 37.36 43.79 5.56 -56.68 209.21 
AT LIN 50 19 0.977 0.644 0.891 0.849 0.120 0.127 3.263 
AT VOL 51 18 121.1 78.9 108.6 119.4 16.7 2.6 479.2 
...... 
-..J 
Q\ 
\ 
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Table 7.2 ANOVA Inclinometer data with vegetation group. 
ANALYSIS 
SOURCE 
VEG GRP 
ERROR 
TOTAL 
OF VARIANCE ON IP 15 
MS 
116542 
44750 
LEVEL 
J 1 
tJ 2 
ft· 3 
c 4 
POOLED 
OF SS 
3 349627 
55 2461235 
58 2810862 
N MEAN 
17 299.8 
18 113.7 
16 269.3 
8 232.0 
STDEV "' 211.5 
STDEV 
310.9 
173.5 
147.6 
104.5 
ANALYSIS OF VARIANCE ON IP 10 
SOURCE OF ss 
VEG GRP 3 441349 
ERROR 53 1648212 
TOlAL 56 2089561 
LEVEL N MEAN 
J 1 16 301.6 
"' 
2 17 97 4 
p~ 3 15 100.0 
c 4 q 1')0 6 
POOLED STDEV = 176.3 
ANALYSIS 
SOURCE 
VEG GRP 
ERROR 
TOTAL 
LEVEL 
~ 1 2 
Pt 3 
c 4 
OF VARIANCE ON 
OF SS 
3 55592 
58 264720 
61 320312 
N MEAN 
18 104.87 
20 32.31 
16 76.26 
8 43.59 
POOLED STDEV "' 67.56 
MS 
147116 
31098 
STOEV 
247. 1 
77.9 
207.4 
114 'i 
IP 5 
MS 
18531 
4564 
STDEV 
92.23 
58.09 
57 39 
30.72 
F 
2.60 
INDIVIDUAL 95 PCT Cl 'S FOR MEAN 
BASED ON POOLED STDEV 
0 ) 
(----o---) 
120 240 
F 
4. 73 
INDIVIDUAL 95 PCT Cl 'S FOR 
BASED ON POOLED STDEV 
?-o--) 
--o ) 
- ( 
F 
4.06 
0 
120 
(---o 
240 
360 
MEAN 
360 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
0 
(--o---) 
( 0 
o-----) 
) 
+---
0 40 80 120 
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Table 7.3 ANOVA Inclinometer data with slope group. 
ANALYSIS 
SOURCE 
SLOP GRP 
ERROR 
TOTAL 
LEVEL 
0-10 1 
u -zo 2 
1..1 -Jo 3 
""? 30 4 
OF VARIANCE ON 
OF SS 
3 96897 
55 2713966 
58 2810862 
N MEAN 
19 171.7 
18 264.4 
12 259.7 
10 217. 1 
POOLED STDEV "' 222.1 
ANALYSIS OF VARIANCE ON 
SOURCE OF ss 
SLOP GRP 3 324540 
ERROR 53 1765021 
TOTAL 56 2089561 
LEVEL N MEAN 
0·-,fO 1 16 85.0 
II- 2.0 2 18 173.9 
2..1 -Jo 3 13 134.6 
> 30 4 10 309.5 
POOLED STDEV = 182.5 
ANALYSIS 
SOURCE 
SLOP GRP 
ERROR 
TOTAL 
LEVEL 
0-10 1 
11 -zo 2 
2..1 -so 3 
''? 30 4 
OF VARIANCE ON 
OF SS 
3 25572 
58 294740 
61 320312 
N MEAN 
20 45 88 
20 57. 14 
12 94.38 
10 9Pl 98 
POOLED STDEV = 71 29 
IP 15 
IP 
MS 
32299 
49345 
STDEV 
93.5 
206.5 
, 21.4 
430 7 
10 
MS 
108180 
33302 
STDEV 
99.5 
176.6 
232.8 
220.1 
IP 5 
MS 
8524 
5082 
STOEV 
46.42 
41.04 
72.01 
1 v; .30 
F 
0.65 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
0 
0 
0 
100 200 300 
F 
3.25 
400 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
-+ 
( 
0 
F 
1.68 
0 
(---o 
0 
120 
-+-----+·--
) 
0 
240 360 
INDIVIDUAL 95 PCT Cl 'S FOR MEAN 
BASED ON POOLED STDEV 
----o ) (----o----) 
35 
(-------o--------( --------o------
70 105 
J 
('.! 
1'1. 
<:.,. 
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Table 7.4 ANOVA Anderson's Tube with vegetation groups. 
ANALYSIS 
SOURCE 
VEG GRP 
ERROR 
TOTAL 
LEVEL 
1 
2 
3 
4 
OF VARIANCE ON 
OF SS 
3 0.2872 
49 1. 2620 
52 1.5492 
N MEAN 
17 0.2706 
13 0.0957 
15 0.2041 
8 0. 1032 
AT LIN 
MS 
0.0957 
0.0258 
STDEV 
0.2083 
0.0718 
0. 1847 
0.0632 
F 
3.72 
INDIVIDUAL 95 PCT Cl 'S 
BASED ON POOLED STDEV 
FOR MEAN 
0 
0 
POOLED STDEV c 0.1605 0.00 0.10 0.20 0.30 
ANALYSIS Of VARIANCE ON AT VOL 
SOURCE OF ss MS f 
SLOP GRP 3 4450 1483 1.28 
ERROR 50 57854 1157 
TOTAL 53 62304 
INDIVIDUAL 95 PCT C! 'S FOR MEAN 
BASED ON POOLED STDEV 
LEVEL N MEAN STDEV --+------·--+ 
::r 1 17 13.95 17.88 ( 
N 2 19 35.07 49.32 0 P+ 3 9 26.70 18.86 0 ) ,.. 
·.._ 4 9 32.99 27.61 0 
POOlED STDEV = 34.02 0 16 32 48 
Table 7.5 ANOVA Anderson's Tube with slope group. 
ANALYSIS OF VARIANCE ON AT LIN 
SOURCE OF ss MS F 
SLOP GRP 3 0.2074 0.0691 2.53 
ERROR 49 1. 3417 0.0274 
TOTAL 52 1. 5492 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
LEVEL N MEAN STDEV 
o-ro 1 17 0.1058 0.1076 Q ) 
ll -1.0 2 18 0.2149 0.2107 (---o ) 
:u -Jo 3 9 0.1706 0.1069 Q ) 
:?30 4 9 0.2810 0.1970 ( 0 
POOLED STDEV co 0.1655 0.10 0.20 0.30 
ANALYSIS OF VARIANCE ON AT VOL 
SOURCE OF ss MS F 
VEG GRP 3 4026 1342 1.15 
ERROR 50 58278 1166 
TOTAL 53 62304 
INDIVIDUAL 95 PCT Cl 'S FOR MEAN 
BASED ON POOLED STDEV 
LEVEL N MEAN STDEV 
0- /7) 1 17 32.21 25 86 0 
't -<.o 2 1 J 23.53 36 Afl 0 
2./-30 J 15 33.49 46 99 0 
7 3D 4 9 9.42 7 17 0 
POOLED STOEV o 34. 14 0 20 40 
) 
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Figure 7.1 
PLOT OF RESIDUALS AGAINST VEGETATION CLASS - 15 em peg data 
1000 0 
RES IDS 
0 
500 
0 
0 
0 0 
8 0 0 
3 4 6 3 
7 4 6 3 
3 0 
0 
-500 
0 
VEG GRP 
0 N Pt- c 
No 10 
Figure 7.2 
RESIDUALS AGAINST VEGETATION GROUP - Anderson's Tube data 
0 
RES IDS 
0 
100 
0 
50 0 
0 
2 
2 0 
2 3 
2 3 2 4 
2 0 2 2 
2 6 3 
4 5 
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:r N p~ c 
No c 15 
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7.~.~ Two-way tables 
Table 7.6 shows the distribution of measurement plots in each of the 
slope angle and vegetation classes, pre\·iously described. The experiment 
is designed to investigate the effect c•f \·arying one factor while the other 
remains constant. In this case the· factors vary simultaneously and so 
the various com binat.ions of slope and vegetation grouping would allow 
interaction effects to be seen. The underlying hypothesis supposes that 
the factors (slope angle and vegetation group) are additive in their effect 
on S .l\1.M. 
Yij Jl + CXi + Pj + Eij 
Yij c•cl:-o...~uL mass movement rate. 
p typical value. 
C<i slope effect. 
Pj vegetation effect. 
Eij residual common to both fadors. 
Equation 7 ( 3) 
A method for a11alysing two-way t abies using medians uses an algorithm 
sugges~t-cl hy Tukey ( 1977) in which row and column medians are re-
pc·<tiedl.v :-.'lh't<i< lf•d from entries in the table until each row and column 
ntctktll is ''l't;,\ it• zero. This process is termed median polish because 
,,fits itera.tin' ttat.url:': however, it is similar to a t.wo-way a.na.lysis of 
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Table 7·6 Sampling design of measurement plots 
Slope angle Vegetation groupings 
classes (degrees) 
Juncus Nard us Pteridium Heath Total 
0-10 7 6 (6) 5* (5) 3* 21 
11-20 (6) 5* 5 7 5 22 
21-30 5 (5) 4* 5 (5) 1* 15 
/ 30 (7) 5* 6:£ + + 11 
Total 22 21 17 9 69 
+ Cells incomplete due to lack of suitable field locations 
* Cells incomplete due to site disturbance during measurement period 
:f Two sites in this cell partly disturbed during measurement period· 
( ) Original sample size 
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vanance which is based on the companson of row and ·column means. 
A median polish analysis proceeds by t-it ting a linear model to the 
data so that the sum of absolute residuals is as small as possible(Hoaglin 
et al. 1983). 
\Vhere c = rned{.q, .... , xn} 
SAR sum of absolute residuals. 
The technique is attractive because of its resistance to untrustworthy 
values and its simplicity of calculation. On the other hand the presence 
of missing cells in the table requiresa greater number of iterations to yield 
a fit whereby row and column medians are near zero. Also, the fit is t.o a 
small degree dependent upon the row or column order in which median 
subtraction is initiated. Although other methods of fitting exist, median 
polish is an established technique which neatly summarizes the effect 
of factors in a two-way table and focuses attention on residual patterns 
(Velleman and Hoaglin 1981). 
For consistency, the following analyses were all carried out. usmg the 
computer implementation of median polish in the MINITAB statistical 
package (Ryan ct al. 1982). Calculations carried out by hand showed 
that six iterations gave a good fit. in. the presence of two missing cells in 
the table. 
7 . 2 . :3 rvr e cl i a 11 p 0 lis h res u lt s 
A summa.ry of the annual mass mo\·ement. rate for each instrument. 
1s given in tables 1.7 tu 7.11. Each uf the cells may be summ;nisecl by 
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Table 7,7 Two-way table for 15 em inclinometer peg data, 
ROWS: SLOP GRP COLUMNS: VEG GRP 
1 2 3 4 
1 95.18 102.01 169.93 88.35 
74.81 27.19 122.37 88.35 
244.74 33.96 81.58 122.37 
95.18 67.98 176.76 
122.37 o.oo 108.77 
149.57 
2 81.58 115.54 380.71 2.51.51 
95.18 6.77 115.54 81.58 
6/o98 67.58 224.32 2l7.55 
523.45 122.37 163.16 122.37 
142.74 
95.18 
1 2 3 4 
3 183.59 156.39 346.75 149.57 
129.14 81.58 135.97 
203.95 47.62 
156.39 122.37 
169.93 
4 108.77 115.54 
190.36 -292.36 
761.42 61.16 
169-.99 108.77 
-13.60 102.01 
CELL CONTENTS --
IP 15:DATA 
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Table 7.8 Two-way table for 10 em inclinometer peg data. 
ROWS: SLOP GRP COLUMNS: VEG GRP 
1 2 3 4 
1 148.05 111.80 102.73 39.28 
48.34 -9.06 27.19 63.45 
33.24 78.56 48.34 99.71 
-120.86 75.54 
42.30 
"':t":: ....,,.. 
...J.,J~&:..~ 
2 214.53 93.67 416.97 148.05 
57.41 -6.04 99.71 81.58 
84.60 21.15 57.41 102.73 
232.66 69.50 36.26 
-78.56 120.86 
138.99 
1 2 3 4 
3 163.16 78.56 51.37 126.90 
459.27 18.13 9.06 
126.90 69.50 
60.43 51.37 
24.17 
-181.29 
4 226.61 60.43 
344.45 102.73 
220.57 129.93 
235.68 -18.13 
138.99 
429.06 
CELL CONTENTS 
IP lO:DATA 
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Table 7.9 Two-way table for 5 em inclinometer 
ROWSg SLOP GRP COLUNNS: VEG 
1 
2 
3 
4 
1 
28.704 
14.382 
-9.790 
79.285 
53.662 
40.791 
11.361 
33.962 
20.425 
1 
41.576 
87.624 
129.200 
130.651 
102.007 
209.210 
79.345 
88.349 
o.ooo 
2 
92.942 
4.532 
4.532 
27.194 
47.619 
-4.532 
4.532 
8.339 
67.199 
-12.811 
69.495 
18.915 
17.404 
2 
21.876 
48.344 
34.747 
27.919 
-56.684 
1.511 
-32.512 
CELL CONTENTS 
IP 5:DATA 
3 
28.704 
24.172 
58.920 
15.833 
15.833 
51.366 
69.495 
20.425 
77.834 
54.387 
9.065 
3 
58.920 
40.791 
41.576 
20.425 
149.565 
GRP 
4 
14.382 
1.511 
52.091 
28.704 
42.301 
45.323 
16.618 
4 
9.790 
peg data. 
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Table 7.10 Two-way table for Anderson's tube linear data. 
ROWS: SLOP GRP COLUMNS: VEG GRP 
1 2 3 4 
1 0.6164 1.1844 0.6768 0.3988 
0.1873 0.1269 0.3203 0.1994 
2.8100 0.5439 0.2175 0.5318 
0.4834 0.5137 0.4593 
0.2478 
2 1.0696 0.3565 0.4411 1.4322 
0.1692 0.1269 2.3930 0.3868 
0.9367 1.6921 0.1692 0.8521 
1.9942 0.7554 1.5228 0.4955 
1 2 3 4 
3 0.1329 0.5137 2.1151 0.6949 
0.9790 
1.6316 
0.8400 
1.6981 
0.6708 
4 2.6831 0.3807 
1.6679 a. 53-18 
0.7614 0.5439 
2.2238 
3.2270 
3.2632 
CELL CONTENTS 
AT LIN:DATA 
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Table 7.11 Two-way table for Anderson's tube volumetric. 
ROWS: SLOP GRP COLUMNS: VEG GRP 
1 2 3 4 
1 75.54 195.46 57.14 37.46 
9.67 3.93 10.64 2.82 
375.42 172.54 14.80 37.75 
240.61 167.91 16.17 
6.97 8.13 
2 73.20 140.22 7lo95 140.42 
305.48 2.60 186.20 97.88 
26.69 29.16 39.29 45.98 
167.16 41.70 
107.29 19.88 
1 2 3 4 
3 365.60 44.56 313.66 88.33 
133.70 
197.66 
164.17 
104.27 
40.20 
4 307.54 37.23 
119.92 78.92 
29.32 122.37 
195.14 
424.64 
479.24 
CELL CONTENTS 
AT VOL:DATA 
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a mean or a median statistic; however, it 1s obvious that a. number of 
classes appear to contain one or more anomalous values which suggests 
the use of medians as a resistc).nt. summary measure. In addition, the 
Iuncns and Callttna classes contain only a. single measurement m hvo 
cases and so these results must be viewed with caution. 
The results from each instrument are presented as a separate me-
dian polish analysis; however, data from Young's pits are not included 
because too many results are missing from each cell. The data that were 
successfully recovered from this instrument are presented in the analysis 
of movement-depth profiles in Chapter 8. 
Table 7.12 gives details of a median polish for 1.5 em Inclinometer 
peg data. Note that the original data matrix contains two missing entries 
from slope class 4. for vegetation groups Ptcridium a.ncl Calluna. No data 
were sampled for these classes. The additive linear model is summarised 
by the table of fitted values and the success of this summary is indicated 
by the table of residuals and vegetation and slope effects. These may be 
interpreted as: 
S.M.M. typical value + slope effect + vegetation effect + residual 
where, 
slope effect row effect 
vegetation effect column effect 
l'l"'S i d U a.\ 
the data. 
tt'Jl1c;indcr after suht.rading ruw <tnd ccdlllllll medians from 
The model Recounts for 50.11% of the total variation m the cla.ta. 
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Table 7.12 Median-polish results for 15 em IP. 
~: SL~IE COL~: VEG 
2 3 4 
1 1tlll!l.77 33.96 122.:'.17 38.35 
2 BB. 31!1 91.76 152.95 169.93 
J 156.36 156.39 135.e7 14!L57 
4 169.99 102.01 
CELL CONTENTS --
PEGS L:OATA 
R~: SLO?E COLl!'!NS: VEG 
2 J 4 
4.255 -15.314 5.963 -5.117 
2 -52.681 5.947 0.001!) 39.954 
3 -4.255 51.019 -36.540 0.000 
4 6.793 -5.947 
CELL CONTENTS --
RESIDUAL:DATA 
R~: SLO?E COLl!'!NS: VEG 
2 s 4 
1 104.52 49.28 1Hi.41 tll3.47 
2 141.06 B5.82 152.95 130.01 
3 160.62 105.38 172.51 149.57 
4 163.20 107.95 
CELL CONTENTS --
FIT :DATA 
RO>J RO>J EFF 
1 -46.3198 
2 -9.7792 
3 9.779~ 
4 12.3581 
COL EFF 
5.5267 -49.7170 17.4160 -5.5267 
TABLE MEDIAN 145.313 
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I: I S .l\1 . lvl . - m edt i = 4 7 4 . ~ 8 
table median 
E resicl ual values 
Slope class 1 and N ardus vegetation display large negative effects but 
otherwise both factors show effects of similar magnitude. A closer in-
spection of the residuals reveals no obvious pattern although there are 
large residuals in all the vegetation groups, figure 7.3. A plot of fitted 
data against slope class reveals a dearer pattern, figure 7.4. Here. the 
additi\'e model distinguishes Na.rdus vegetation from t.hP ntlwr e;rnnps ir! 
terms of the absolute magnitude of S.M.Tvl. for each slope class. The 
relative response of all the groups is, however, similar \Yith S.I\•l.M. rates 
increasing linearly with slope angle. The plot of fit ted data against veg-
etation group, figure 7 .5, shows that the N a.nl us group accounts for most 
of the variability in the vegetation effects. 
Table 7.13 summarises the results from the 10 em inclinometer peg 
data. In this case the linear model explains 5~.32){, of total variation. 
L IS . .Llf.Af.- mult: -' .')3~.72 
L lEI=· 400.3.5 
For Ptcridium and Callnna vegetation classt>s t.he slope effects are signif-
i c a n t I y l a r g e r t h a 11 v e get at i o n effect s ~ h owe \' e r, t h e J u n c u .~ an d N a nlu s 
classes contain largt" veg;eiat.ion effect-s and some very large residuals. 
Four large residuals are particularly obvious from figure 7.6; the largest 
are associated with the .Tuncu.~ clC~ss. Otlwrwise, the data fit. the model 
~IESIDUAL 
4. 
SLO?E 
3. 
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Figure 7.3 Median polish for 15 em Inclinometer Pegs-
residual against fit. 
A Juncus 
~ 8' Nard us 
c Pteridium 
D Call una 
A c 
D 
A 
fAT 
50 75 100 125 150 175 
SLO?E CLASS AGAINST FlY - lP L 
A 
IS D A c 
B 0 A c 
0 A c 
--~------~------~------~~----~~------~FIT 
50 75 100 125 150 175 
Figure 7.4 Median polish for iS em Inclinometer pegs-
slope class against fit. 
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Table 7.13 Median-polish results for 10 ern IP. 
~: SL()J)[ COL~: V[G 
2 3 4 
1 4<il.7~ 59.92 41~1. :S4 GS3.45 
2 149.57 21 .15 B4.66 1~2.73 
3 311.22 G9.50 37.71 126.9~ 
4 231. 15 01.513 
CELL CONTENTS --
PEGS ~:DATA 
R~: SLO?E COL~S: VEG 
2 4 
1 -137.246 32.649 0.000 lil.000 
2 -a. 7:54 -5.382 5.996 9.017 
3 115.337 5 . .382 -71:1.4113 -4.391 
4 0. 7:54 -9.065 
CELL CONTENTS -
RESIDUAL: DATA 
ROO$: SLO?E COL~S: VEG 
2 3 4 
1 128.04 -3.73 48.34 63.45 
2 158.30 26.53 713.61 93.71 
3 195.813 64.11 116.19 131.29 
4 222.41 90.65 
CELL CONTENTS --
FIT:DATA 
ROW ROO EFF COL EFF 
1 -49.0525 72.1388 
2 -18.7901 -59.6278 
3 113.7901 -7.5538 
4 45.3228 7.55.38 
COL EFF 
72.1388 -59.6278 -7.5538 7.5538 
TABLE MEDIAN 104.951 
C'IE:GS lL 
VEG 
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Figure 7. 5 >ledian polish for 15 em Inclinometer Pegs -
vegetation class against fit. 
A Jun~;us 
D A B Nard us 
2 c Pteridium 
c !) D Call uno 
c 
c 
A 
2 
SLO?E 
2.40 3.60 4.20 
VEGETATI~ CLASS AGAINST FIT - IP L degrees 
A 0 Q 10 
8 11- 20 
A c c 21 Q 30 
D 31 Q 
A c 
A B CD 
A B CD 
~~~------+-------~------~-------+------~~FIT 
50 75 100 125 150 175 
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Figure 7.6 Median polish for 10 em Inclinometer Pegs-
residual against fit. 
Mio~ogr~ @q ~~~~l ~ o ~~ 
l'!lidpoii'l~ Cour~~ 
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very well. Figures 7.7 and 7.8 summanse the general pattern with rates 
increasing linearly with slope angle within each vegetation class and with 
the overall magnitude of S.M .M. differing considerably among vegetation 
classes. ]uncus class shows the highest rates of movement and Nardus 
shO\VS the lowest. 
The linear additive model explains 4 I .1% of the variation m the 5 
em Inclinometer peg data. 
L IS.Af.l\1.- medt\ = 296.989 
I: It: I= 1.57.121 
With this data, no clear pattern emerges from inspection of the slope and 
vegetation effects, table 7.14. The model does not fit. the ]uncus or the 
Calluna classes readily, and these show large residuals in figure 7.9. The 
general trend of a positive linear relationship between S.M .M. and slope 
class still emerges but differences among the vegetation classes are less 
pronounced than in the two other Inclinometer peg data sets, see figure 
7.10 and figure 7.11. 
A plot of fitted data against actual data shows which values differ 
from the predicted additive model, see figure 7 .11. The typical rate 
recorded from .5 em pegs is much lower than that of 10 em and 15 em pegs 
which suggests that movement is i1i.hibitecl in the upper part of the soil 
profile in the region where plant roots are most dense. Movement must 
be occurring beneath the pivot poi1~ts of the .5 em pegs and, to a lesser 
extent, beneath the 10 em pegs. A summary movement- depth profile 
can be constructed from the 178 Inclinometer pegs using t.he typical 
ndues extracted from the median polish analysis. If 40.8 mm 2 /yr typifies 
the contribution of the upper 5 em of the soil then this can be subtracted 
frnm the 10 em peg result of 104.9 mm 2 jyr to give a.n idea of t.he anwunt 
of movement that the lower 10 em of t.he profile contributes. 
SLC?E 
VEG 
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Figure 7.7 Median polish for 10 em Inclinometer Pegs -
slope class against fit. 
C D 
e o A 
c !) A 
G 50 100 150 
VEGETATI~ CLASS AGAINST rn- IP ~ 
A c 
A B C 
A B C D 
A B 
A 
A 
200 250 
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B Nardus 
C Pteridium 
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F'IY 
degrees 
A 0 ~10 
B 11 ~20 
c 21~30 
D 31 0 
-----+--------~------+-------~-------+------~FIT 
50 100 150 200 250 
Figure 7.8 Median polish for 10 em Inclinometer Pegs-
vegetation class against fit. 
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Table 7.14 Median-polish results for 5 em IP. 
L'm:JS: SL~~ OOLlJ:'D;!S : V[G 
2 J ·4 
1 20.704 4.532 24.172 10.~ 
2 2/.Hl4 1B. 15~ 52.';317 35.503 
3 e7.624 34.141 41.57G e.79e 
4 ~s.ne 27 .SlH} 
CELL CONTENTS --
PEGS S:DATA 
~~: SlO'PIE COLIJ:'D.IS: VEG 
2 
1 -13.753 2.342 0.1000 ®.®00 
2 -33.574 -2.342 HIJ.394 2.B11ll 
.) 20.421 7.tl11 -7.342 -29.339 
4 13.753 -13.240 
CELL CONTENTS --
RESIDUAL: DATA 
RC'rlS: SLO?E COLlMI!S: VEG 
2 3 4 
1 42.457 2. 191 24.172 14.382 
2 60.767 20.561 42.483 32.693 
3 67.203 26.937 48.918 39.129 
4 81 .425 41.159 
CELL CONTENTS -
FIT :DATA 
ROW ROW EFF COL EFF 
1 -21.5283 23.1798 
2 -3.2179 -17.0867 
3 3.2179 4.8949 
4 17.4399 -4.8949 
COL EFF 
23.1798 -17.0867 4.8949 -4.8949 
TABLE MEDIAN 40.8056 
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Figure 7.9 Median polish for 5 em Inclinometer Pegs-
residual against fit. 
~[SlDUAL ~Ai~Y ~XY = I~ ~ 
A 
A 13 
A c 
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18 D c A 
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+-------~------~------~------~------~----fiT 
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Figure 7.10 Median polish for 5 em Inclinometer Pegs-
slope class against fit. 
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Figure 7.11 Median polish for 5 em Inclinometer Pegs-
vegetation class and raw data against fit. 
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:Vledian polish of IP datal 
Typical value Peg length 
145.3 mm 2 jyr 15 em 
? 104.9 mm- jyr 10 em 
40.8 mm 2 jyr 5em 
Combining these results diagramP~atically in figure 7.12 gJVes an 111-
dication of the relative contribution of each part of the depth profile. 
The results are purely illustrative since they summarize all vegetation 
and slope classes and because Inclinometer pegs always measure the in-
tegrated response of the soil to the depth of their insertion. 
Anderson and Cox ( 1978) present a comparison of S.M.M. instru-
ments in which the common scale is a linear measure standardized for 
a depth of 2.5 em because this dt>ptb c0incided v:ith the m;}.:::ir>-:.t.;;:n i"C-
sponse of most instruments. The Anderson's Tube device however al-
ways records maximum movement at the surface as long as movement 
is downslope. The calculation of volumetric movement at each site for 
Anderson's Tubes suggested that a linear measurement was often mis-
leading. lncleecl, the correlation coefficient between the two measures was 
only 0. 71, thereby explaining only 50% of the resultant variance. There-
fore a separate median polish was included for both linear and volumetric 
measures 111 order to investigate the idea that the linear measure can be 
m isleacling. 
L IS.M .. AJ.- medtl .. 5.76 
Table 7.15 shows the results for the lin<'ar measure of Anderson's Tube 
data. In this case the model explains 41.1 \{.of the variance but again the 
Juncns and No,.dus vegetation groups contain large residuals indicating 
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Figure 7.12 Combined movement- depth profile for all 
Inclinometer Peg data. 
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Table 7.15 Median-polish results 
~: SltrP[ COL~S: \lEG 
2 s 0 
1 ®.5499 ®.5137 (ll.J~9Q ®.3913~ 
2 1 .®031 tiJ.SSGiil (ll.992@ @.@1313 
J @. 1329 ®.5137 ~ .3~53 ®.G95eJ 
4 2.4535 ®.5313 
CELL COMTENTS --
AY L:DATA 
~o::JS: SLO?E COLU;D.!S: VEG 
2 
~.04202 ~.32481 ~.22303 0.02663 
2 0.04202 -0.00208 ~.0000$ ~.06761 
s -0.78172 e.s0208 ®.36976 m.eeeee 
4 6.75264 -0.76596 
CELL CONTENTS --
RESIDUAL:DATA 
R~: SLO?E COLU~S: VEG 
2 s 
1 0.5919 0.1888 e.6128 
2 0. 9611 0.5580 0.9820 
s 0.9147 0.5116 0.9355 
4 1. 7008 1 .2977 
CELL CONTENTS --
FlT:DATA 
ROW ROO EFF 
1 -0.345964 
2 0.023228 
3 -6.023228 
4 0.762933 
COL EFF 
4 
0.3722 
0.7414 
0.6950 
AT linear. 
0.109861 -0.293229 0.130728 -0.109861 
TABLE MEDIAN 0.828038 
204 
a poor fit for these groups. Again slope efrects appear to be inrluenced 
by strange observations. In particular, slope class 3 for l1tncus is clearly 
an anomalous value. It is also derived from a single observation because 
of instrument disturbance at other plots in this category. Figure 7.13 
also illustrates the large residuals present in this data set. Plotting slope 
class against fitted data shows a confused pattern where results from the 
different vegetation classes overlap considerably, see figure 7 .14. A plot 
of vegetation class against fitted data shows that higher movement rates 
are observed for slope class 2 than slope class 3 in all vegetation classes, 
see figure 7.15. 
L IS.Ai . .i\1.- multi= 916.26 
LIt!= .597.66 
The volumetric measure of S.1I.M. for Anderson's Tubes, on the other 
hand, shows a much clearer relationship between slope class and move-
ment rate, figure 7.16, despite the overall fit of the model being only 
34.8%. Here again, the J-uncus and Na.rdus classes contain anomalous 
values which result in extremely large residuals, table 7.16. The other 
vegetation groups, Pteridium and C'allmw, display a clear linear trend 
between S .M .M. rate and slope class. The vegetation effect for these 
classes is about half the value of the slope effect. The pattern of move-
ment both within and among vegetation groups corresponds well with 
the results presented for lndinometer Peg data. This agreement would 
appear to substantiate the decision to question the value of a linear mea-
surements from Anderson's Tubes. The relatively poor tit of the linear 
model to the volumetric data is of some concern, however, and so the 
data are tested for non-additivity. Vellema11 Ci.nd Hoaglin ( 198]) suggest 
plotting comparison values for the data against each residual. If the 
relationship. expressed as a resistant line, is not. a. hot·izont.a.l line then 
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Figure 7.13 Median polish for Anderson's Tube data 
(linear) - residual against fit. 
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Figure 7.14 Median polish for Anderson's Tube data 
(linear) - slope class against fit. 
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Figure 7.15 Median polish for Anderson's Tube data 
(linear) - vegetation class and raw data against fit. 
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Figure 7.16 Median polish for Anderson's Tube data 
(volumetric) - residuals and slope class 
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re-express10n 1m prove additivity. The comparison values data ( i, j) are 
calculated from: 
Slope effect o: 
Vegetation effect ,B 
Typical value v 
Equation 7 {4) 
The slope of the line is calculated by fitting a straight line to the data. 
which is resistant to outliers. The method used was MINITAB's imple-
mentation of a method which partitions the x - y data into thirds and 
fits a line to the medians of these batches using a.n iterative algorithm to 
minimise the absolute magnitude of the residuals ( Velleman and Hoaglin 
1981 ). The volumetric Anderson's tube data gave a resistant line slope 
of 0.68 which suggested that a logarithmic transformation may improve 
additivity. 
residual -0.95 + O.G8 ·comparison 
Equation 7 ( .5) 
The median polish was re-calculat.ed after transforming the annual An-
clers(Jll·s Tubt> clnta into uat.ural logarithms, tables 1.1 I and 1.18. This 
increased the percenl.age of total variation explained by the linear model 
frum :34.8% to :3G.I'Jr:,. After transformaiion, a resist<Ant line \\"as again 
AY \J 
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Figure 7.17 Median polish for Anderson's Tube data 
(volumetric) - vegetation class and raw 
data against fit. 
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Table 7.16 Median-polish results for AT (volumetric) 
2 ~ 4 
1 75.54 1G7.91 15.4El ~7.46 
2 1®7.29 29.16 71.95 45.!)9 
~ :565.60 44.56 143.9:5 es.:s:s 
4 259.30 79.51 
C[LL CONTENTS --
AY V:OATA 
~: SLO?E COL~S: VEG 
2 
-2o. i6& ii3.377 
2 -26.898 22.130 
:5 171.749 -22.130 
4 26.160 -26.468 
CELL CONTENTS --
RESIOUAL:DATA 
4 
-23.979 23.97~ 
0.000 0.000 
17.313 -11.31:5 
~: SLO?E COL~S: VEG 
2 
1 101.70 -25.47 
2 134.19 7.03 
3 193.85 66.69 
4 233.14 105.98 
CELL CONTENTS --
FIT:DATA 
R~ RC':J EFF 
1 -62.3250 
2 -29.8315 
3 29.8315 
4 69.1171 
COL Eff 
4 
39.46 13.48 
71.95 45.98 
-
1 31 . 62 105 . 64 
75.2268 -51.9370 12.9895 -12.9895 
TABLE MEDIAN 88.7965 
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Table 1:11 Median-polish results for AT (linear) log 
~ -2.~43 -2.4G51 -2.7572 -2. 7HH 
2 -v. 798® -2.4548 -~. eg1s -2.2305 
3 -J.G167 -2.4651 -1.5647 -2. HS28 
4 -$.9058 -2.4304 
CELL C~TENTS --
AT LOG L :DATA 
R~: SLO?E COLLnOIIS: \lEG 
2 
2 S.03530 0.01264 11).00000 -0.04759 
3 -~.99837 -0.01264 0.41813 0.00463 
4 5.44639 -6.44408 
CELL CQ;IITENTS --
~ESIDUAL:DATA 
R~: SLOPE COLLnOIIS: VEG 
2 
1 -2.3690 -3.0031 
2 -1 .8333 -2.4674 
3 -1.8183 -2.4525 
4 -1.3522 -1.9863 
CELL CONTENTS --
FIT:DATA 
R~ R~ EFF 
1 -0.543178 
2 -0.007487 
3 0.007487 
4 0.473625 
COL EFF 
-2.5335 
-1.9978 
-1.9828 
-2.7181 
-2. 1824 
-2.1674 
0.256800 -0.377333 0.092304 -0.092304 
K1 -2.08262 
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Table 7.18 Median-polish results for AT (volumetric). log 
~: SLO?[ COL~S: \lEG 
2 
1 2.5257 3.3245 0.93913 1 .I'J244 
2 2.13767 2.3591 3.4279 2.1il2!ll2 
J 4. Hll21S 1. 9989 3.1Sl9J 2.6821 
4 3.7022 2.5696 
ClELL CQ;>.JTENTS ~ 
AT LOO \/:DATA 
R~S: SLO?E COL~: \lEG 
2 
1 -$,086513 1.60448-1.35168 ®.05012 
2 -6.22092 0.15375 0.65109 -0.23041 
3 ®.58250 -0.62984 0.00000 0.00000 
4 0.08658-0.15375 
CELL CONTENTS --
RESIDUAL:DATA 
R~: SLO?IE COLU'D.!S: VEG 
2 3 
1 2.6123 1. 7200 2.2915 
2 3.0976 2.2053 2.7768 
3 3.5201 2.6278 3. 1993 
4 3.6156 2.7233 
CELL CONTENTS --
riT:OATA 
R~ ROO Err 
1 --0.696574 
2 --0.211244 
3 0.211245 
4 0.306757 
COL Err 
0.579403 -0.312863 0.258600 
TABLE MEDIAN 2.72945 
4 
1. 7743 
2.2596 
2.6821 
-0.258600 
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fitted between the residual and comparison value and the resultant slope 
was 0.06. This suggested that no further improvement in additivity will 
result from further re-expression. Of the Inclinometer Peg data sets, only 
the 10 em peg showed any relationship between residual and comparison 
values. 
I Inclinometer pegs l 
Peg Resistant line slope 
15 em -0.03 
10 em 0.37 
.S em 0.06 
7.2.4 Summary of median polish results 
( i) A two-way additive linear model based on medians sum manses 
S.M.M. rates thought to be due to differences in slope angle and vegeta-
tion type. The model explains over half the variation in the Inclinometer 
Peg data but is less successfully applied to Anderson's tube volumetric 
data. 
( ii) The variation in S.M .M. rate within each vegetation class appears 
to be consistent and is positively associated with slope angle. 
(iii) The four vegetation classes show different rates of mass move-
ment. 
The N ard11s class gives the lowest rates of movement and the least 
convincing relationship between movement and slope angle . .!uncus has 
high residuals with all instruments which might. suggest that it is more 
sensitive lo other causal factors not considered or that it is most sensitive 
to the effects of random disturbance. 
( iv) Typiccd rates of S..lvi .M. derived from a linear additive model for 
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each vegetation class and for each instrument, figure 7 .16, show that sites 
in the ]uncus class are most active followed by those in the Pteridium, 
Calluna. and then Nardus classes. 
(v) Highest movement rates are recorded by the 1.5 em Inclinometer 
pegs for all but the l11ncus class where the 10 em pegs record consis-
tently more displacement. This pattern may be clue to a rapid decrease 
in moisture content w it.h depth that is characteristic of J uncus vegeta-
tion plots. Anderson's tubes typically record less movement than 10 em 
Inclinometer pegs but more than .5 em pegs. 
(vi) The slope and vegetation effects, derived from median polish, are 
of a similar magnitude for most instruments suggesting that vegetation 
type (and associated difFerences in soil and moisture stat. us) are no less 
import ant than gradient in predicting S .:M .1"1. rates. 
7 .. '3 :Regression analysis 
A number of researchers have applied regressiOn models to predict 
S.M .M. rate from physical variables relating to soil consistency and slope 
morphology (Schumm 1966: Anderson 1977 ). In this section, previously 
suggested linear regression models are investigated for their ability to 
explain the observed S.M.M. variation among plots. Correlations among 
the physical variables for each plot are also investigated. 
The use of a linear model, whic-h describes the response of S.M.M. 
m terms of slope and soil variables by the use of a least-squares method, 
poses several severe problems. 
( i) It must be assumed that the selected explanatory variables do 
indeed influence S.i\I .M. 
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( ii ) It is usual for explanatory variables to be statistically indepen-
dent of each other and have normal distributions. 
The results of median polish analysis showed that the mass move-
ment data contained many large positive residuals which were outlying 
values. These are likely to be very poorly predicted by regression analysis 
(Mosteller and Tukey 1977). 
In view of these problems the following approach is adopted. First, 
the selection of suitable predicting variables is justified and the statisti-
cal structure of those data assessed. Second, the correlation and inter-
dependance among the predicting variables is described. The likely re-
lationship between S.M.M. and physical variables is investigated using 
simple scatter plots. Finally, the results from a formal linear regression 
analysis are presented. 
7 .3.1 Explanatory variables 
Anderson ( 1977) described soil creep or S.M.M. as resulting from 
the interaction of pedological, hydrological and vegetational factors. An-
clerson and Cox ( 1984) use combinations of these factors in a regression 
analysis. They conclude, however, that a single predictor (winter mois-
ture) best summarised the data. In addition. they note that sine of 
slope angle, saturation level, apparent cohesion, unconfined compresswn 
and penetrometer resistance gave weak correlations with r 2 <0.8. The 
strongest correlations reported involyed the moisture variable, plasticity 
index, and organic matter content.. 
The mechanical strength of the soil Is a function of its granulometric 
composition. its eflect.ive stress statt' and compounding factors which may 
altt>r its appart>nt cohesion. Relevant Yariables are, therefore, particle 
si;'.e distribution, moisture content, slope angle alld shear strength. In 
addition. sui] index tests are usually a good guide to a soil's rheological 
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state for a g1 ven moisture content and loss on ignition test results are a 
reliable guide to its organic matter content. These overlap with the most 
influential variables recorded by Anderson (1917) and other researchers 
(Evans 197 4; Williams 1970; Rashidi an 1984). An additional categorical 
variable, root density per unit volume of sample, is also included in view 
of the observed importance of plant rootlets in modifying laboratory 
creep-shear test results. 
Table 7.19 lists the variables selected for analysis and gives their sum-
mary statistics. Each variable was measured, either in the field, or in 
the laboratory from a bulk sample collected at the time of instrument 
installation. The laboratory techniques used to process soil samples are 
described in Chapter 3. Several variables contain missing data, denoted 
by N*, this lllay be due to the nature of the sample itself (say, organic 
mate rial unsuitable for granulometric analysis) or disturbance of the in-
strument in the case of S.M.l\1. measurements. 
Table 7.19 Summary statistics of soil variables. 
HEATHERY BURN PHYSICAL VARIABLES 
N N" MEAN MEDIAN THMEAN STDEV SEM.EAN MIN MAX 
SITE 69 0 469.0 502.0 465.6 271.8 32.7 101.0 908.0 
LL 64 5 62.35 54.45 ~)6. 66 42.37 5.30 33.50 367.00 
PL 63 6 46.09 39.13 41.28 35.02 4.41 22.20 293.00 
PI 64 5 30.9 16.0 15.8 115.0 14.4 7.6 934.3 N ,.... 
%MC 67 2 175.6 67.8 145.0 245.6 30.0 6.9 1143.3 --..J 
%MC(100) 67 2 54.93 40.40 45.95 80.74 9.86 6.44 672.22 
LOI 59 10 91.4 21.3 68.8 150.0 19.5 4.8 606.4 
SLOPE 66 3 17.58 15.00 17.22 ] O.ll 1.24 3.00 39.00 
%CLAY 58 11 7.259 5.~00 (,. 7 88 7. lbl 0.940 u.uoo 24.000 
%SILT 58 11 40.69 42.50 t;,O. 37 16.57 2.18 13.00 84.00 
%SAND 58 11 46.02 43.00 4·5. 85 18.36 2.41 14.00 79.00 
% GRAV 58 11 6.034 4.000 :;.115 7.243 0.951 o.ooo 31.000 
MEDIAN 58 11 122.9 70.0 112.6 115.1 15.1 8.0 430.0 
ASPECT 64 5 18.00 14.50 ]7.45 11.33 1.42 5.00 43.00 
PHI MEAN 63 6 3.762 3.830 3.736 1.543 0.194 1.250 6.790 
PHI MED 63 6 3.927 3.830 3.914 1.329 0.167 1.450 6.960 
PHI SKEW 63 6 -0.1127 -0.1510 -0.1183 0.2222 0.0280 -8.5060 0.5100 
PHI KURT 63 6 3.0327 3.1400 3.0261 0.7128 0.0898 1.5300 4.5400 
PHI SORT 63 6 1.0443 1.0100 1. 0291 0.2006 0.0253 0.7300 2.0400 
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Figure 7.18 Box plots and histograms for soil variables. 
MOISTURE CONTENT (0-100%) 
-I+ I-- 0 
+---------+---------+---------+---------+---------+------%MC(100) 
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0 120 240 360 480 600 
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I + 1------------------------
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Figure 7.18 Box plots and histograms for soil variables. 
%SAND 
--------------1 + 1--------------
+---------+---------+---------+---------+---------+------%SAND 
12 24 36 48 60 72 
% GRAVEL 
--I + I--------------- " " " 0 
+---------+---------+---------+---------+---------+------% GRAV 
o.o 6.0 12.0 18.0 24.0 30.0 
PARTICLE SIZE MEDIAN 
---I + I------------------------- ** 
+---------+---------+---------+---------+---------+------MED!~N 
0 80 150 240 320 400 
ASPECT (degrees) 
------I + I----------------------------
----+---------+---------+---------+---------+---------+--ASPECT 
7.0 14.0 21.0 28.0 35.0 42.0 
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Figure 7.18 Box plots and histograms for soil variables. 
Phi mean 
------------I + I-------------------
--------+---------+---------+---------+---------+--------PHI MEAN 
2.0 3.0 4.0 5.0 6.0 
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---------------I + I-----------------------
------+---------+---------+---------+---------+---------+PHI MED 
2.0 3.0 4.0 5.0 6.0 7.0 
Phi skewness 
----------I + I-----------------------
--------+---------+---------+---------+---------+--------PHI SKEW 
-0.40 -0.20 o.oo 0.20 0.40 
Phi kurtosis 
--------------I + I-----------------
--------+---------+---------+---------+---------+--------PHI KURT 
1.80 2.40 3.00 3.60 4.20 
Phi sorting 
---------I + I---------jt " 0 
----+---------+---------+---------+---------+---------+--PHI SORT 
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Figure 7.18 Box plots and histograms for soil variables. 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram of LL N = 64 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram of LOI N = 59 N* 10 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram of %SILT N = 58 N* ll 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram of MEDIAN N = 58 N* = 11 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram Of PHI MED N = 63 N* = 6 
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Figure 7.18 Box plots and histograms for soil variables. 
Histogram of PI N = 64 
Each * represents 2 obs. 
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7 .3.2 §tirud ure of explarnatory variables 
Figure 7.18 shows boxplot.s for index tests, soil moisture, loss on 
ignition, slope angle and granulometric analyses. Each plot denotes the 
median ( + ), inner fences, outer fences, values between inner and outer 
fences ( * ), and outliers beyond the outer fence (0) in the notation of 
Tukey ( 1977). The solid box is equivalent to the interquartile range, 
with inner fences defined as -
lower quartile - ( 1.5 x interquartile range) 
upper quartile + ( 1..=:> x interquartile range) 
and outer fences defined as -
lower quartile - ( 3 x interquart.ile range) 
upper quartile + (3 x interquart.ile range). 
Liquid limit and plastic limit data are positively skewed and both 
contain outlying values. Closer inspection of these outliers shows them to 
be associated with highly organic silt. samples, for example, at. site 5/2. 
These results are unusual because organic soil do not usually exhibit 
plastic behaviour. Such results will exert a high leverage if used in a 
regression or correlation calculation and because its relationship to the 
rest of the points is unclear it is omitted from further analysis. Percentage 
moisture content. has been re-expressecl as a percentage of wet weight and 
is thereby scaled between 0 and 100%. This helps to reduce the positive 
skewness, which results from saturated soils with low bulk densities. Loss 
on ignit.inn data also exhibit strong positive skewness caused by highly 
!•rgani,· samples. These dat.a are k·garithmically transformed to offset 
the dlil'l (If p<•silive skewness. 
The percentages of clay, silL sand and gravel are clearly asymmet-
rically distributed; however, 1\:rumbein (1934) suggested that sediments 
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have an approximately log-normal distribution. Therefore, the granu-
lometric distributions of the samples are expressed as statistics derived 
from phi ( -loge.d) units. Phi mean and phi median indicate the gen-
eral level of coarseness of the sediment and exhibit distributions similar 
to a Gaussian. Phi skewness, phi sorting and phi kurtosis are less well 
behaved but the deviations from normality can be interpreted in terms 
of the sedimentary or geotechnical nature of the soil. The scale of the 
phi sorting statistic is unbounded;this distribution does contain positive 
outliers which are extremely poorly sorted, glacially derived sediments. 
Figure 7.18 shows histograms of the transformed explanatory variables. 
7 .3.3 ConTelation st.ruct uue of pn·edictive varialbles 
Table 7.20 lists the Pearson-product moment correlation coefficients 
for the explanatory variables and S.M.M. variables. Outliers in the index 
test distribution have been omitted from the calculation. 
Figure 7.19 summarizes the most important correlations which relate 
to predicting S .M .M. from Anderson's Tube data. Correlations involv-
ing S.M.M. are generally weak because of the large scatter and outliers 
present in that data. However, movement of Anderson's tubes is posi-
tively associated with high root density, positive skewness of the particle 
size distribution and slope angle. Other important correlations involve 
positive association among density of roots, loss on ignition and % mois-
ture content. Slope angle is negatively associated with phi skewness and 
%silt, a result which might. suggest that steep slopes tend toward thresh-
old slopes \Vith an increasingly coarse granuiar .-omposit.ion. 
Preliminary plots of explanatory variahl<'S against the S.MJvl. re-
sponse variables indicate t.hat outlien; in the mass movement data con-
siderably weaken linear correlations. The sca1ter of clat.a in figure 7.20, 
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Table 7.20 Correlation matrix of instruments and soil variables. 
SITE LL PL PI %tlC %MC(100) LOI SLOPE 
LL 0.037 
PL 0.022 0.995 
PI -0.171 0.921 0.881 
%MC -0.048 0.589 0.595 -0.002 
%MC(100) -0.163 0.334 0.345 0.957 0.221 
LOI -0.153 0.387 0.400 0.286 0.732 0.671 
SLOPE 0.110 -0.247 -0.255 -0.149 -0.156 -0.169 -0.364 
%CLAY -0.070 0.044 -0.018 0.323 -0.108 -0.066 -0.035 -0.152 
%SILT 0.092 o. 311 0.225 0.452 0.158 0.288 0.320 -0.363 
%SAND -0.020 -0.215 -0.123 -0.424 0.007 -0.110 -0.157 0.243 
% GRAV -0.092 -0.211 -0.182 -0.275 -o .212 -0.317 -0.307 0.361{, 
MEDIAN 0.002 -0.204 -0.114 -0.448 -o .115 -0.280 -0.236 0.355 
ASPECT 0.089 -0.230 -0.254 -0.112 -0.196 -0.187 -0.350 0.968 
PHI MEAN 0.075 0.300 0.218 0.434 0.058 0.174 0.236 -0.383 
PHI HED 0.007 0.253 0.164 0.471 0.043 0.098 0.222 -0.331 
PHI SKEW 0.293 0.304 0.236 0.361 -0.021 0.156 0.069 -0.252 
PHI KURT -0.002 -0.168 -0.211 0.111 -0.051 -0.040 -0.189 0.272 
PHI SORT 0.027 0.048 0.047 0.015 o.oao 0.060 -0.010 0.032 
VEG GRP -0.151 -0.100 -0.072 -0.172 -0.479 -0.317 -0.262 -0.256 
SLOP GRP 0.141 -0.301 -0.316 -0.048 -0.189 -0.089 -0.381 0.953 
ROOT GRP 0.430 0.292 0.290 0.195 0.516 0.342 0.335 0.146 
IP 15 0.195 -0.047 -0.041 -0.054 -0.090 -0.055 -0.162 0.099 
IP 10 0.112 -0.134 -0.141 0.132 -0.072 0.141 -0.344 0.413 
IP 5 0.338 -0.159 -0.163 -0.005 0.102 0.074 -0.051 0.245 
AT LIN 0.301 -0.269 -0.259 0.019 -0.006 0.003 -0.247 0.502 
AT VOL 0.250 0.107 0.095 -0.045 0.163 -0.014 0.037 0.436 
%CLAY %SILT %SAND % GRAV MEDIAN ASPECT PHI MEAN PHI MED 
%SILT 0.283 
%SAND -0.573 -0.866 
% GRAV -0.185 -0.372 0.013 
MEDIAN -0.485 -0.863 0.820 0.377 
ASPECT -0.111 -0.387 0.257 0.348 0.346 
PHI MEAN 0.633 0.857 -0.859 -0.410 -0.911 -0.391 
PHI MED 0.765 0.791 -0.835 -0.450 -0.855 -0.329 0.923 
PHI SKEW 0.157 0.630 -0.582 -0.121 -0.560 -0.266 0.628 0.438 
PHI KURT 0.485 -0.081 -0.307 0.486 -0.203 0.317 0.100 0.197 
PHI SORT -0.146 -0.116 0.232 -0.181 0.268 0.035 -0.261 -0.228 
VEG GRP -0.202 -0.173 0.195 0.102 0.252 -0.241 -0.138 -0.196 
SLOP GRP -0.129 -0.436 0.323 0.307 o. 384 0.923 -0.435 -0.373 
ROOT GRP 0.007 0.208 -0.141 -0.128 -0.107 0.108 0.187 0.113 
IP 15 -0.156 0.047 0.004 0.036 -0.004 0.093 0.005 -0.068 
IP 10 -o .-03-2----o .o-25-- 0.004 0. 076- -- -0-. 0 32- --Q-. 409 -0.013. ~0.036 
IP 5 -0.038 0.151 -0.118 -0.010 -0.062 0.248 0.036 0.048 
AT LIN o.oo8 -0.112 0.037 0.130 0.061 0.457 -0.015 -0.074 
AT VOL 0.101 0.087 -0.112 -0.002 -0.163 0.366 0.160 0.074 
PHI SKEW PHI KURT PHI SORT VEG GRP SLOP GRP ROOT GRP IP 15 IP 10 
PHI KURT -0.063 
PHI SORT -0.233 -0.325 
VEG GRP -0.067 -0.383 0.135 
SLOP GRP -0.331 0.286 0.073 
-0.220 
ROOT GRP 0.277 0.041 0.078 
-0.535 0.069 
IP 15 0.054 0.031 0.002 -0.035 0.091 0.250 
IP 10 0.147 0.042 -0.262 
-0.299 0.328 0.315 0.221 
IP 5 -0.045 0.101 0.194 -0.200 0.263 0.440 0.295 0.236 
AT LIN 0.031 0.146 -0.111 -0.286 0.430 0.500 0.348 0.552 
AT VOL 0.141 0.185 -0.155 -0.395 0.365 0.522 0.112 0.437 
IP 5 AT LIN 
0.248 
0.037 0.785 
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Table 7.20 Correlation matrix of instruments and soil variables. 
SITE LL PL PI %I:JC %MC(100) LOI SLOPE 
LL 0.037 
PL 0.022 0.996 
PI -0.171 0.921 0.881 
%MC -0.048 0.589 0.596 -0.002 
%MC(100) -0.163 0.334 0.345 0.957 0.221 
LOI -0.153 0.387 0.400 0.286 0.732 0.671 
SLOPE 0.110 -0.247 -0.265 -0.149 -0.156 -0.169 -0.364 
%CLAY -0.070 0.044 -0.018 0.323 -0.108 -0.066 -0.035 -0.152 
%SILT 0.092 0. 311 0.225 0.452 0.158 0.288 0.320 -0.363 
%SAND -0.020 -0.215 -0.123 -0.424 0.007 -0.110 -0.157 0.243 
% GRAV -0.092 -0.211 -0.182 -0.275 -0.272 -0.317 -0.307 0.36.1}, 
MEDIAN 0.002 -0.204 -0.114 -0.448 -0.115 -0.280 -0.236 0.355 
ASPECT 0.089 -0.230 -0.254 -0.112 -0.196 -0.187 -0.360 0.968 
PHI MEAN 0.075 0.300 0.218 0.434 0.058 0.174 0.236 -0.383 
PHI MED 0.007 0.253 0.164 0.471 0.043 0.098 0.222 -0.331 
PHI SKEW 0.293 0.304 0.236 0.361 -0.021 0.156 0.069 -0.252 
PHI KURT -0.002 -0.168 -0.211 0.111 -0.051 -0.040 -0.189 0.272 
PHI SORT 0.027 0.048 0.047 0.015 0.080 0.060 -0.010 0.032 
VEG GRP -0.151 -0.100 -0.072 -0.172 ~0.479 -0.317 -0.262 -0.256 
SLOP GRP 0.141 -0.301 -0.316 -0.048 -0.189 -0.089 -0.381 0.953 
ROOT GRP 0.430 0.292 0.290 0.195 0.516 0.342 0.335 0.146 
IP 15 0.195 -0.047 -0.041 -0.054 -0.090 -0.055 -0.162 0.099 
IP 10 0.112 -0.134 -0.141 0.132 -0.072 0.141 -0.344 0.413 
IP 5 0.338 -0.159 -0.163 -0.005 0.102 0.074 -0.051 0.245 
l\.T LIN 0.301 -0.259 _/"\ '")1:0 " r'\10 -" nne n nn"'"l 1""\ ""')A.., ~ r-n..., ""'*"'--'-' v.u .... .-~ UoUVU UoUU.J - -u. &:..._, 1 Uo:JU~ 
AT VOL 0.250 0.107 0.095 -0.045 0.163 -0.014 0.037 0.436 
%CLAY %SILT %SAND % GRAV MEDIAN ASPECT PHI MEAN PHI MED 
%SILT 0.283 
%SAND -0.573 -0.866 
% GRAV -0.185 -o. 372 0.013 
MEDIAN -0.485 -0.863 0.820 0.377 
ASPECT -0.111 -0.387 0.257 0.348 0.346 
PHI MEAN 0.633 0.857 -0.859 -0.410 -o. 911 -0.391 
PHI MED 0.765 0.791 -0.835 -0.450 -0.855 -0.329 0.923 
PHI SKEW 0.157 0.630 -0.582 -0.121 -0.560 -0.266 0.628 0.438 
PHI KURT 0.485 -0.081 -0.307 0.486 -0.203 0.317 0.100 0.197 
PHI SORT -0.146 -0.116 0.232 -0.181 0.268 0.035 -0.261 -0.228 
VEG GRP -0.202 -0.173 0.195 0.102 0.252 -0.241 -0.138 -0.196 
SI::.OP-GRP -o .-129 -0.436 0.323 0.307 0.384 0.923 -0.-435 .;...0.373 
ROOT GRP 0.007 0.208 -0.141 -0.128 -o .101 0.108 0.187 0.113 
IP 15 -0.156 0.047 0.004 0.036 -0.004 0.093 0.005 -0.068 
IP 10 -0.032 -0.025 0.004 0.076 0.032 0.409 -0.013 -0.036 
IP 5 -0.038 0.151 -0.118 -0.010 -0.062 0.248 0.036 0.048 
AT LIN 0.008 -0.112 0.037 0.130 0.061 0.457 -0.015 -0.074 
AT VOL 0.101 0.087 -0.112 -0.002 -0.163 0.366 0.160 0.074 
PHI SKEW PHI KURT PHI SORT VEG GRP SLOP GRP ROOT GRP IP 15 IP 10 
PHI KURT -0.063 
PHI SORT -0.233 -0.325 
VEG GRP -0.067 -0.383 0.135 
SLOP GRP -0.331 0.286 0.073 
-0.220 
ROOT GRP 0.277 0.041 0.078 
-0.535 0.069 
IP 15 0.054 0.031 0.002 -0.035 0.091 0.250 
IP 10 0.147 0.042 -0.262 -0.299 0.328 0.315 0.221 
IP 5 -0.046 0.101 0.194 -0.200 0.263 0.440 0.295 0.236 
AT LIN 0.031 0.146 -0.111 -0.286 0.430 0.500 0.348 0.552 
AT VOL 0.141 0.185 -0.156 -0.395 0.366 0.522 0.112 0.437 
IP 5 AT LIN 
0.248 
0.037 0.785 
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Figure 7.19 Correlation structure diagram showing the 
most important correlations which relate 
to predicting S.M.M. from Anderson's Tube 
data. 
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Anderson's tube data against phi skewness, contains se\·eral notable out.-
liers, but. the trend in the data suggests that mass move~i1ent rates in-
crease as phi skewness increases (size distribution becomes finer). Figure 
7.21 shows that the most. extreme outliers in the Anderson's tube data 
are associated with the Nardns and Pteridiu.m vegetation classes. 
7 .3.4 Regression ~result§ 
Regressing slope against mass movement response variables m the 
first instance gives the following results. 
JP1s = 118 + 1.96 ·Slope 
., 
r- = U.Ul 
IP10 = 13.6 + 7.78 ·Slope 
') 
r- = 0.17 
IPs = 36 + 1. 78 · S' lope 
Figures 7.22, 7.23 and 7.24 show residuals plotted against the slope angle 
data for all three instruments. Each plot reveals an increase in the spread 
of the residuals as slope angle increa.ses but no other systematic pattern 
emerges, other than a poor relationship. The I P1o clat a gives the best fit 
vvith 17% of the linear variation explained in the regression. Four large 
stanclarclizecl resiclua\c; ( -2 < .r <. 2) are evidf'rtt: 
RES IDS 
2.0 
0.0 
-2.0 
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Figure 7.22 Regression of 15 em Inclinometer Peg data 
against slope angle. 
REGRESSION OF IP 15 AGAINST SLOPE 
The regression equation is 
IP 15 = 178 + 1.96 SLOPE 
56 cases used 13 coses contain missing volues 
Predictor Coef Stdev t-rotio 
Constant 177.75 55.25 3.22 
SLOPE 1.963 2.696 0. 73 
9 c 207.6 R-sq "' 1.0% R-sq(odj) o 0.0% 
Analysis of Vor I once 
SOURCE OF' ss 
Regression 1 22857 
Error 54 2327693 
Total 55 2350549 
Unusual Observations 
Obs. SLOPE JP 15 
2 18.0 630.0 
56 34.0 1260.0 
63 37.0 -483.8 
Fit 
213. 1 
244.5 
250.4 
MS 
22857 
43105 
Stdev.Fit 
27.8 
51.9 
58.9 
R denotes an obs. aith a Iorge st. resid. 
RESIDUALS AGAINST SLOPE 
0 
0 0 
0 0 •2• 00 • 
• 00 2o 0 2 • 0 • 
0 • 00 0 • 0 00 
0 0 
0 0 
0 
0 
7.0 14.0 21 .0 28.0 
No c 18 
Residual 
416.9 
1015.5 
-734.2 
" 
• • 
0 
0 
35.0 
J) 
0 
0 
0 
St.Resid 
2.03R 
5.05R 
-3.69R 
0 
SLOPE 
RES IDS 
2.0 
0.0 
-2.0 
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Figure 7.23 Regression of 10 em Inclinometer Peg 
data against slope angle. 
REGRESSION OF IP 10 AGAINST SLOPE 
The regression equation is 
IP 10 = 13.6 + 7.78 SLOPE 
55 cases used 14 cases contain missing values 
Predictor Coef Stdev t-rotio 
Constant 13.60 49.41 0.28 
SLOPE 7.781 2.359 3 30 
9 c 177.0 R-sq c 17.0% R-sq(adj) = 15.5% 
Analysis of Vor i once 
SOURCE OF ss 
Regression 1 340692 
Error 53 1660267 
Total 54 2000958 
Unusual Observations 
Obs. SLOPE IP 10 
2 18.0 690.0 
52 22.0 -300.0 
54 27.0 760.0 
59 37.0 710.0 
Fit 
153.7 
184.8 
223.7 
301.5 
MS 
340692 
31326 
Stdev.Fit 
23.9 
25.4 
31.4 
50.1 
R denotes on obs. ~ith o lorqe st. resid. 
RESIDUALS AGAINST SLOPE 
2 
0 0 000 00 2o 0 
0 o2 22 0 2 2 0 
2 00 0 0 0 0 
Residual 
536.3 
-484.8 
536.3 
408.5 
0 
0 
0 
St. Res i d 
3.06R 
-2.77R 
3.08R 
2.41R 
0 0 
0 
00 
0 
0 0 
0 
0 0 
~------~------~------~--------~------~------SLOPE 
7.0 14.0 21 .0 28.0 35.0 
No 14 
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Figure 7.24 Regression of 5 em Inclinometer Peg data against 
slope angle. 
REGRESSION OF lP 5 AGAINST SLOPE 
The regression equation is 
lP 5 c 36.0 ~ 1.78 SLOPE 
61 cases used B cases contain missing values 
Predictor 
Constant 
SLOPE 
Coef 
36.01 
1.7758 
Stdev 
18.05 
0.9168 
t-ratio 
1. 99 
1. 94 
s 0 71.45 R-sq o 6.05'. R-sq(adj) o 4.45'. 
Analysis of Varionce 
SOURCE or ss MS 
Regression 1 19151 19151 
Error 59 301159 5104 
Toto I 60 320310 
Unusuol Observations 
Obs. SLOPE IP 5 fit Stdev.Fit Residual 
52 22.0 247.50 75.08 10.24 172.42 
55 38.0 346.20 103.49 21.34 242.71 
64 39 0 -93.80 105.26 22.17 -199.06 
67 33.0 -53.80 94.61 17.31 -148.41 
R denotes an obs. ~:~itl'l o Iorge st. resid. 
RESIDUALS AGAINST SLOPE 
RES IDS 
0 
2.0 0 
0 
00 
0 0 0 0 0 
0 0 00 0 0 
0.0 000 00 0 0 2 0 0 0 
0 o2 o2 2 00 0 0 
0 o2 0 0 0 0 0 
0 0 
-2.0 
7.0 14.0 21.0 28.0 
No 
"' 
8 
St.Resid 
2.44R 
3.56R 
-2.93R 
-2. 14R 
0 
0 
0 
0 
0 
0 
0 
0 
0 
SLOPE 
35.0 
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Site 1 i ') I- Ptcridium scarp face 18° 
Site 6/ .s Ptendwm scarp face 22° 
Site 9/1 }uncus toe of lobe 27° 
Site 9/6 .ltLncus scarp behind lobe 37° 
These sites are associated with scarps and lobes which have a lo-
cally straight slope form but are part of more complex geomorphological 
feature. Tension cracks were observed at site 1/2 which seem to be as-
sociatecl with relatively rapid slope deformation. 
Regressing slope against Anderson's tube data gave the following 
results. 
ATvol = 130 + 0.763 ·Slope 
•) 
r- 0.0.5 
A.Tlin 0.07 + 0.00.58 · Slope 
') 
r- = 0.13 
The plot of residuals against slope for AT linear data reveals two 
large positive residuals (site 1/2 and site 2/1) and an increase in the 
Yariability of S.M.M. data with increasing slope angle (figure 7.2.5). A ..' 
similar plot for AT volumetric data shows a similar pattern but with 
three large positive residuals (site 1/2, site 6/6, site 8/4). All these sites 
are associated with scarp faces thought to be associated with the bound-
ary between resistant sandstone outcrops and \veaker shale and mudrock 
beds in the Yoredale cyclothem. When these outliers were removed the 
regressiOn equations became: 
.4 T t' of -- 54 . 9 + 0 . 7 8 .5 · S l •1 JF: 
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Figure 7.25 Regression of Anderson's Tube data (linear) 
against slope angle. 
REGRESSION OF AT LIN AGAINST SLOPE (OUTLIERS REMOVED) 
The regression equation is 
AT LIN o 0.0378 + 0.00631 SLOPE 
47 eases used 22 cases contain missing values 
Predictor 
Constant 
SLOPE 
Coer 
0.03783 
0.006312 
Stdev 
0.03387 
0.001620 
t-ratio 
1.12 
3.90 
9 "' 0.1183 R-sq,o 25.2% R-sq(adj) o 23.6% 
Analysis o¥ Var i anc11 
SOURCE OF" ss .. ., ~..., 
RegressiOn 1 0.21256 0.21256 
Error 45 0.63001 0.01400 
Total 46 0.84257 
Unusual Observations 
Obs. SLOPE AT LIN Fit Stdev.Fit 
10 13.0 0.3960 0.1199 0.0191 
58 36.0 0.5340 0.2651 0.0339 
59 37.0 0.5400 0.2714 0.0353 
R denotes an obs. l'lith a large st. resid. 
RESIDUALS AGAINST SLOPE 
2.4 () 
RES IDS 
0 
1. 2 0 
0 0 
0 
0 
" 
0 
" 
0 
0.0 G>O 0 
$ 0 0 0 00 0 
0 2 eo e 
4 $ 
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No 0 22 
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.. 
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0 
0 
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2.38R 
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9 
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35.0 
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ATl-in = 0.038 + 0.0063 ·Slope 
2 r = 0.2.5 
Residual plots show no further detail; however, a scatter plot (figure 
7.26) of AT volumetric movement against slope angle illustrates that the 
data are grouped according to their vegetation class. In particular,Nardu8 
sites show less mass movement on steep slopes than the other groups and 
this seriously inhibits the performance of the regression model. 
The plot of S.M.M. against slope angle gives the impression that 
S.M .M. does not depend on gradient. However, there is a strong relation-
ship between the two, shown by median polish results, when the effect of 
vegetation is taken into account. A further problem with the S.M.M. data 
is its tendency towards large values (positive skewness). This results in 
the observed pattern of increasing levels of variance across residual plots. 
Figure 7.27 illustrates the extreme positive skewness in Anderson's tube 
volumetric data using a quantile - quantile plot (a normal distribution 
would plot as a straight line). One remedy for positive skewness is to 
re-express the data using logarithms. Figure 7.28 shows that the natural 
logarithms of the AT volumetric data correct for the effect. of skewness. 
Further regressions are calculated using the log transformed AT vol-
umetric data. 
loge ATvol = 14.7 + 0.0566 ·Slope 
') 
r- = 0.168 
log" ATlin = -2.98 + 0.04 ·Slop( 
•) 
c = 0.234 
The goodness of fit is improH'cl ••nly slightly \Yith the linear data 
and not at all in the ca.se of tile volume! ric data. The transformation 
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Figure 7.26 Regression of Anderson's Tube data (volumetric) 
against slope angle. 
RESRESSION OF AT VOL AGAINST SLOPE (OUTLIERS REMOVED) 
The regression equation is 
AT VOL c 5.49? 0.785 SLOPE 
48 cases used 21 cases contojn missing values 
Predictor CoeV Stdev t-rotio 
Constant 5.488 4.9.34 1 . 11 
SLOI='E 0.7853 0.2391 3.28 
s 0 17.64 R-sq o 19.0% R-sq(odj) o 17.2% 
Analysis of Variance 
SOURCE OF ss MS 
Regression 1 .3355.4 3355.4 
Error 46 14310.6 311.1 
Total 47 17666.1 
Unusual Observations 
Obs. SLOPE AT VOL e:"!~ Stcc-..r;t 
58 36.0 70.27 33.76 5.07 
59 37.0 79.30 34.54 5.28 
R denotes on obs. l'lith o Iorge st. resid. 
RESIDUALS AGAINST SLOI='E 
3.0 
RES IDS 
1. 5 
0.0 
-1.5 
0 
No 
0 
0 
0 3 
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Figure 7.27 Quantile- quantile plot of Anderson's Tube data (volumetric) against 
normal quantiles. 
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Figure 7.29 Regression of log transformed AT data (volumetric) 
against slope angle. 
REGRESSION OF LOG AT VOL AGAINST SLOPE {OUTLIERS REMOVED) 
The regression equation is 
LOG AT V = 1.47 + 0.0566 SLOPE 
51 cases used 18 cases contain missing values 
Predictor 
Constant 
SLOPE 
Coef 
1.4711 
0.05661 
Stdev 
0.3679 
0.01798 
t-rotio 
4.00 
3.15 
s c 1.327 R-sq = 16.8% R-sq(odj) c 15.1% 
Analysis of Variance 
SOURCE OF ss MS 
Regression 1 17.444 17.444 
Error 49 86.270 1. 761 
Total 50 103.714 
Unusual Observations 
Ob~. SLOPE l..OG ,&,T v F'i I <;tdev.Fit 
2 18.0 5.154 2.490 0. Hl6 
19 10.0 -0.761 2.037 0.231 
49 10.0 -0.842 2.037 0.231 
R denotes on obs. ~ith o Iorge st. resid. 
RESIDUALS AGAINST SLOPE 
RESIDUAL-
1. 5+ 
0 0 0 0 0 
0 0 
0 
0 00 
0.0+ 0 
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00 
0 
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7.0 14.0 28.0 35.0 
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does, however, correct for increasing variance with x in the residual plots, 
figure 7.29. 
7 .3 .. 5 Summary of regressnon resuHs 
( i) The presence of outliers in both explanatory and response van-
abies seriously ().ffects the goodness of fit of a linear equation to the data 
using a least. squares method. 
( ii) Re-expressing the data to improve normality of frequency distri-
butions does not. significantly improve the model. The removal of obvious 
wild observations has a greater effect. 
(iii) The underlying design configuration used to collect the data does 
not lend itself to regression analysis. In particular the different vegetation 
classes have a large influence. 
( iv) Least squares fitting gives a. poor relationship between S .M Jvl. 
and slope using all the data points, whi~h corresponds with the results of 
Anderso1i and Cox (1984) and Rashidian (1984), see table 7.21. 
Table 7.21 
Correlation coefficient 
Author AT (lin) AT (vol) 
A nclerson and Cox ( 1 %'4-) -0.44 -0.35 
Rashid ian ( 1984) 0.09 -
This study o .. so 0.44 
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7.4 Temporal patterns of movement 
A knowledge of the behaviour of S.M.I\·1. through time is essential 
for the process to be fully understood. A time series will represent 
the dynamic aspects of the process which must be understood in or-
der to construct physical models and in order to extrapolate movement 
rates over longer time periods than the series itself. Temporal measure-
ments also indicate the reliability of quantitative annual rates because 
it would make little sense to quote an annual rate if movement were in 
fact episodic without seasonal forcing. S.M.I'vl. 1s often cited as a con-
tin-uous process (Terzaghi 1960) and one \Vhich 1s imperceptible, except 
by measurements over long time periods (Sharpe 1938). More recently, 
geomorphologists have attempted to quantify how sediment is generated, 
transferred and modified during passage through a drainage basin and 
this requires knowledge of the relative ability of S.M.M. to transport sedi-
ment and its likely short and long term persistence (Dietrich d a.l. 1982). 
In the first instance it is important to establish the temporal patterns 
of S.M.M. with close sai).1pling intervals in order to assess seasonal influ-
ences and short term persistence. Longer term persistence is important; 
Swanson and Fredrickson ( 1982) note that changes in vegetation cover, 
perhaps related to disturbance and recovery, have an important influence 
on slope processes in the long term. This is discussed further, in relation 
to a buried soil horizon, in Chapter 8, however, the question of select-
ing an appropriate timescale for measuring S.M .M. processes cannot. be 
rea.dily answered in the absence of long term data sets. 
This section focuses un monthly measu1 t:"H'('Jd ~ of Inclinometer Peg 
data for each sample plot. lJtclinometcr peg;:: hit' porticula.rly sensitive to 
minor Huctuatinns and so are ideally suited tu the analysis of seasonal 
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patterns. Anderson and Cox ( 1986) suggest that peg movement is related 
to a function of daily p::ecipitation and Kirkby ( 1967) demonstrates that 
movement occurs through cycles of wetting and drying. Correlation and 
regresswn analys6'3 show that S.M. M. cannot be readily predicted from 
soil variables which are measured from standard laboratory techniques. 
This may in part be clue to the dynamic nature of variables which are 
important in controlling S.M. :\II. Therefore, shear strength has been mea-
sured for each plot at bi-monthly intervals in order to detect significant 
changes in soil strength which result from seasonal differences in effective 
stress conditions. 
Anderson's tubes were also measured monthly at. each plot; however, 
this instrument is less sensitiYe than the Inclinometer peg to small scale 
movement and so its time series show a pattern of smooth change which 
may be a function of the instrument rather than the underlying dynamics 
of the process. Figure 7.30 summarizes a typical movement pattern for 
Anderson's tubes. The advantages of Anderson's tubes are essentially 
their lack of sensitivity to minor change, and hence their robustness. 
Only 3 tubes were disturbed (by humans) during this research compared 
with 28 Inclinometer pegs and 35 Young's pits. 
The senes consists of between 13 and 18 consecutive monthly mea-
surements for each peg. This corresponds to a time interval of 604 clays; 
approximately 18 months from 10-11 August 1982 until 21-22 April 1984. 
Two full days were required, each n10nth, to collect the data from each 
site. Monthly intervals were selected in order to minimise the possibility 
of disturbing the peg during t.he measurement process and to maximise 
the amount of seasonal variation that might be observed. Shear strength 
measurements \Vere taken bi-mollt.hly usillg the Geo-nor inspection vane 
so that ground disturbance ccndcl be minimised. A non-replacement ran-
dom sampling scheme was used to locate shear strength measurement 
Figure 7.30 A typical time series pattern for Anderson's Tube data. (line fitted using least 
SJTJE l/2quares method). 
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locations around the outer edge of the 1 m 2 plot area. 
Changes in ground water table levels were recorded monthly, and 
monti~ly precipitation data acquired from a rain gauge in the neigh-
bouring Waskerly catchment area, 1.5 km away. 
Conventional statistical analysis of time series usually will involve 
quantitative assessment of trend, or systematic fluctuation in the re-
sponse variable. This might be expressed as:-
data = trend + random variation 
and would normally involve fitting a function sueh as a polynomial 
through the data. Statistical tests for trends in time series data are of-
ten based on the assumptions that the probability distribution function 
of the data is known, that the temporal spacing <f the data is regular, 
that the length of the series is greater than about 30 observations and 
that. any error component is randomly distributed. These assumptions 
are rather restrictive, because in this case little is known about the un-
derlying nature of the process which generated the data. Therefore. an 
exploratory approach is adopted using methods of analysis which are dis-
tribution-free, where possible. Attention is focused on comparing trends 
from instruments within plots using cross-correlations, then examining 
the patterns exhibited by each vegetation class. Finally. the data are 
smoothed and residual variation is examined after the long term trend is 
removed. 
7.4.1 Tests fon· t·andomness 
The simplest time series analysis checks that. the data do not re-
,.;ult from random tl.uctuatiun. This does not· imply that a non-random 
series exhibits t'it.her peri(ldicity or an interesting trend, but it is an im-
pnrtant first. f't~:·p i11 ruli11g •.nit t.he possibility of a series bf'ing generated 
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completely b~ chance. 
Two techniques are used ( i) analysis of turning points (peaks and 
troughs in the series), used to test against systematic oscillation, and (ii) 
a difference sign test, used to test against linear trend. 
In a random series the probability of finding a turning point in any 
given three values is 2/3; the middle value is either higher or lower than its 
adjacent values, because of the six possible orders only four are turning 
points. Therefore, the expected number of turning points in a random 
series is given by tl1e }Jrobability -
n-2 
E(p) = I: E(xi) = 2/3(n- 2) 
i=l 
where, p probability of each element x in the series n. 
n-2~ 
p = L Xi 
i=l 
and variance of p 1s g1ven by-
16n- 29 
90 
Equation 7 ( 6) 
Table 7.22 lists the results of counting the turning points in the lncli-
nometer peg data. These show that, at some sites, the null hypothesis 
of a randomly generated series cannot be confidently rejected. Turning 
point analysis is useful for testing against. an oscillatory series but. it per-
forms poorly if used as a test against linear trend. This is because a 
senes may exhibit an apparent random fluctuation about. a mild linear 
trend and so would show the same set of turning points as if the trend 
were absent. Therefore, the difFerence sign test. is used to test against 
linear trend. This method involves counting the number of positive first 
differences in a series where it increases. For a ranchm st>ries. the number 
of p<>iJds of increase, c. equals-
E' ( c ) = E ( 'tl .r i ) - 1 / 2 ( n · 1 ) 
1=1 
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Table 7.22 
COUNT DATA FOR TURNING POINTS IN INCLINOMETER PEG TIME SERIES SHOWING 
OBSERVED AND EXPECTED COUNTS 
J p p 
o-15 8 6 11 
0-10 4 9 9 
0-5 10 3 10 
E 10 10 10 
p J c 
Q-15 4 5 8 
Q-10 8 6 4 
o-:> i i 9 
E 10.67 10.67 10.67 
c J J 
0-15 9 10 7 
Q-10 4 4 7 
0-5 8 5 8 
E 10.67 10.67 9.33 
J J N 
0-15 10 7 6 
0-10 6 4 4 
o-s 5 3 5 
E 8.67 10 6.67 
c 
9 
10 
8 
10.67 
p 
11 
5 
8 
10.67 
N 
6 
4 
5 
10 
N 
10 
6 
7 
10.67 
p J J N N 
8 7 8 7 8 
9 5 8 10 10 
6 6 7 8 9 
10.67 10.67 10.67 10 10.67 
p N J p c 
6 6 6 6 5 
8 6 7 9 7 
4 4 7 7 4 
10.67 10 10.67 10.67 10.67 
p p c J J 
9 3 4 6 8 
1 7 0 7 9 
9 7 2 9 10 
10.67 10.67 5.33 10.67 10.67 
N J p c J 
7 11 5 8 6 
8 8 9 10 11 
7 5 4 6 8 
10.67 10.67 10.67 10.67 10.67 
/ ... cont 
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J p p p p p 
D-15 8 4 8 9 4 13 
0-10 7 11 7 10 6 8 
0-5 7 . 7 7 10 7 5 
E 10.67 10.67 10.67 10.67 10.67 10.67 
c c N 
G-15 
o-10 
0-5 
11 8 6 
10 8 5 
10 10 3 
E 10.67 10.67 8.67 
J 
0-15 10 
G-10 5 
0-5 8 
E 10 
N 
J 
7 
6 
7 
10 
N 
0-15 
G-10 
o-5 
11 10 
7 8 
7 5 
E 10.67 10 
J 
3 
2 
3 
5.33 
N 
9 
7 
7 
10 
N 
9 
8 
10 
10.67 
J 
7 
6 
3 
10 
N 
11 
9 
6 
10 
J 
5 
10 
10 
J 
6 
6 
10 
10 
N 
7 
B 
8 
10 
N 
7 
B 
6 
10 
N 
7 
8 
9 
10 
N 
7 
7 
11 
10 
p N N 
10 8 11 
B 
8 
8 4 
7 5 
10.67 B 10.67 
p 
11 
6 
10 
10 
N 
5 
7 
6 
10 
c J 
9 6 
7 8 
9 6 
10.67 10 
N N 
11 B 
11 9 
9 9 
10.67 10.67 
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Table 7.23 
COUNTS OF FIRST DIFFERENCES IN 15 em INCLINOMETER PEG TIME SERIES 
0 4 4 6 5 5 4 5 4 4 3 
E 8 8 8 8.5 8.5 8.5 8.5 8 8.5 8.5 
(0-E)' 2 2 0.5 1.44 1.44 2.38 1.44 2 2.38 3.56 E 
0 3 5 5 3 4 4 4 3 5 5 
E 8.5 8.5 8.5 8.5 8 8.5 8.5 8.5 8.5 8.5 
(0-E)' 3.58 1.44 1.44 3.56 2 2.38 2.38 3.56 1.44 1.44 E 
0 4 3 5 2 2 3 4 ::> 4 3 
E 7.5 8 8.5 8.5 4.5 8.5 8.5 7 8 5.5 
(0-E)' 1.63 3.12 1.44 4.97 1.39 3.56 2.38 0.57 2 1.14 E 
0 5 4 6 3 5 4 4 3 4 5 
E 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 
(0-E)' 1.44 2.38 0. 74 3.56 1.44 2.38 2.38 3.56 2.38 1.44 E 
0 2 7 5 5 5 6 5 4 5 4 
E 8.5 8.5 8.5 6.5 8.5 8.5 8.5 7 8.5 8 
(0-E)' 4.97 0.26 1.44 0.35 1.44 0.74 1.44 1.29 1.44 2 E 
0 4 6 s 3 6 4 2 4 3 4 
E 8 8 8.5 8 8 8 4.5 8 8 8 
(0-E)' 2 0.5 1.44 3.12 0.5 2 1.39 2 3.12 2 
-E-
0 3 6 4 6 5 5 5 4 4 
E 8 8.5 8.5 8.5 8 8 8 8 8 
(0-E)' 3.12 0.74 2.38 0.74 ~ .12 1.12 1.12 2 2 E 
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Figure 7.31 Time series plot for Calluna vegetation (site 2/7) 
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Figure 7.32 Time series plot for Nardus vegetation. 
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Figure 7.33 Time series plot for Pteridium vegetation. 
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Figure 7.34 Time series plot for Juncus vegetation. 
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varwnce (c) 1s g1ven by-
c=l/12(n+l) 
Equation 7 (7) 
Table 7.23 shows results of the difference sign test applied to 1.5 em Incli-
nometer peg series. In this case none of the observed counts in the series 
match any oft he counts expected from a random series. The::. rather poor 
I; he 
performance of the turning point analysis for some o( sites indicates that 
oscillations in the series over short time intervals are typical. Anderson 
and Cox ( 1986) also present details of series containing large oscillations 
over short. time intervals. 
Graphs of all the Inclinometer peg senes are presented in appendix 
C; however, figures 7.31 - 7.34 show typi.cal series for sites of the four 
vegetation classes. Each of these series coni;ain H.uct.uatio11s which are 
large compared with the overali trend in the data. Cross-correlation 
analysis is used to check that. the fluctuations in the three pegs at each 
site correspond temporally. 
7 .4.2 Coa·relations between instruments 
Cross-correlation analysis between pairs of time senes for different 
instruments gives a good indication of the confidence that can be placed 
in the shape of the series for each plot. A weak correlation would indicate 
that trends or fluctuations from neighbouring instruments do not corre-
spond and may he due to random err0r. Conversely, a strong correlation 
lends suppt!rt to the belief that tluct ua.tions are a real and important 
p<nl nf the pattern. 
Table 7.~4 lists cross-correlations derived from tltting a 
corrf'latinn cnefficient. to pairs of instruments in turn. The calculations 
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COEFFICIENT OF DETERMINATION CROSS CORRELATION COEFFICIENT 
15 em 10 em 5 em 15/10 15/5 10/5 
1/1 J .569 .881 .899 .662 .783 .944 
1/2 Pt .900 .660 .885 .859 .911 .836 
1/3 Pt .816 .892 .420 .89 .49 .77 
1/4 c .676 .610 .558 .94 .79 .80 
1/5 Pt .663 .756 .902 .95 .91 .95 
2/1 J .351 .317 .081 .97 .80 .80 
2/2 J .417 .826 .521 .66 .30 .81 
2/3 N .794 .805 .835 .86 .94 .86 
2/4 N .·479 .034 .082 .23 .08 -.10 
2/5 Pt .804 .617 .023 .78 .33 .23 
2/6 J .394 .933 .796 .62 .71 .87 
2/7 c .840 .920 .660 .92 .67 .62 
3/1 Pt .694 .574 .766 .859 .733 .594 
3/2 Pt .658 .134 .677 .682 .771 .636 
3/3 N .370 .067 .001 .608 .470 .749 
3/4 J .232 .438 .545 .714 .710 .811 
3/5 Pt 7?.f. /,/, (:.. "7'lC: ...,,,... ............. .719 0 I-- o..,."'TV o I .JJ o I .LV ,OJL. 
3/6 c .387 .504 .442 .754 .711 .912 
3/7 c .748 .637 .008 .885 .153 .206 
4/1 J .874 
4/2 J .085 .097 .432 -.237 .321 .653 
4/3 N .576 .127 .057 .605 .559 .279 
4/4 Pt .555 .823 .855 
4/5 Pt .803 .791 .688 .918 .874 .835 
4/6 c .762 .619 .739 
5/1 J .648 .873 .535 .921 .718 .715 
5/2 J .597 .739 .312 .802 -.618 -.591 
5/3 J .550 .742 .898 .637 .791 .926 
5/4 J .855 .837 .923 .822 .949 .882 
5/5 N .597 .003 .268 
5/6 N .075 .637 .492 .560 .513 .634 
5/7 N .336 .825 .765 .648 .638 .848 
5/8 J .478 .363 .601 -.077 .767 -.186 
5/9 Pt .720 .604 .830 .846 .764 .756 
5/10 c .776 .793 .666. .816 .746 .592 
Table 7.24 
Coefficient of determination values for a linear model fitted to IP time 
series and cross-correlation coefficients for 15 em, 10 em and 5 em pegs. 
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Table 7.24 Coefficient of determination values for a linear model 
fitted to IP time series and cross-correlation coefficients 
for 15 cm 9 10 em and 5 em pegs. 
COEFFICIENT OF DETERMINATION CROSS CORRELATION COEFFICIENT 
15 em 10 em 5 em 15/10 15/5 10/5 
6/1 J .478 .276 .914 .570 .669 .602 
6/2 J .718 .931 .102 .818 -.181 .322 
6/3 Pt .952 .014 .763 -.158 .869 -.104 
6/4 Pt .708 .456 .902 -.515 .775 -.664 
6/5 Pt .454 .804 .527 .832 .770 .826 
6/6 Pt . 710 .550 .001 
7/1 Pt .258 .677 .592 .596 .816 .824 
7/2 Pt .775 .519 .649 .845 
7/3 N .001 .036 .086 .492 .715 .840 
7/4 N .023 .130 .249 .555 .635 .632 
7/5 c .762 .595 .769 .836 .864 .860 
7/6 c .481 .B:U .002 .796 .681 .210 
8/1 N .047 .044 .893 .136 .208 -.065 
8/2 N .002 .097 .359 .246 .514 .605 
8/3 J .266 .001 .522 -.550 .335 .118 
8/4 N .561 .460 .468 .638 .438 .574 
8/5 Pt .656 .303 .536 -.364 .606 -.149 
8/6 c .706 .902 .573 .864 .697 .742 
9/1 J .702 .501 .673 .636 .748 .972 
9/2 J .803 .959 • 771 .931 .857 .904 
9/3 J .658 .914 .851 .895 .783 .915 
9/4 
9/5 J .130 .132 .923 .623 .377 .245 
9/6 J .025 .914 .157 -.260 -.350 -.376 
9/7 N .608 .052 . 711 .473 .870 .240 
9/8 N .865 .843 .931 .941 .967 .923 
10/1 N .619 .652 .325 .502 .388 .690 
10/2 N .291 . 746 .133 -.521 .105 -.219 
10/3 N .414 .689 .154 .639 .247 -.069 
10/4 N .653 .297 .405 .778 .598 .598 
10/5 N .756 .023 .089 .466 -.273 -.156 
10/6 N .736 .078 .077 .402 -.094 0.686 
10/7 N .611 .571 .901 .893 .831 .811 
10/8 N .666 .026 .144 .544 .593 .875 
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were performed usmg the MIDAS statistical package (Fox and Guire 
1976 ). Table 7 .2.5 summarises this data by listing the number of sites 
where the cross-correlation coefficients do not exceed 0.5 for at least two 
of the three instruments in the plot. Only six out of sixty nine sites give 
coefficients less than 0.5. Rather more sites give coefficients less than 0.8 
but these sites are dominantly associated with the N ardus vegetation 
class. Sixty five percent of all the N a.rdus sites show poor agreement 
within plots compared with 37.5% for ]uncus sites, 28.5% for Ca.lluna 
sites and only 23% for Pteridi1lm sites. Correlograms showed improved 
correlations at a few sites with a lag of 1 or 2, but this is not considered 
important since neighbouring instruments should respond in sympathy 
to forcing phenomena at monthly timescales. A more important con-
siderat_ion is the length of the different pegs. In theory, the 1.5 em and 
the 5 em peg~ should 3hovv- the poo1est. a.greement because they may be 
responding to influences occurring at different depths. Scrutiny of table 
7.26 shows that this does not appear to be the case. This suggests that 
all lengths of pegs are influenced by the same forces. 
The st.rengt h of agreement bet. ween neighbouring instruments will be 
lessened because of instrument disturbance at some sites and because of 
local differences in soil and vegetation properties with each plot. Fig-
ure 7.3.5 shows clear evidence of instrument disturbance which appears 
as a single anomalous increase. This may be due to human or sheep 
disturbance of the peg which protrudes above the ground by .5 em. 
It is interesting that when the cross correlation data are segmented 
by Yegetation class, Nardu$ grassland yields the least. consistent results. 
A visual inspection of the trends for sc•nH' Nardu$ sites confirms that 
often these series show no regular t.rend but that there is some evidence 
•)f agreement. among 1.he instrumenU'in the pl .. t. see figures 7.:36 to 7.38. 
On the ot.her hand, a few l\rardus sites ·~hu\,. both st.rong <(Jrrelat.ions 
262 
Table 7.25 
Count data for sites where the cross correlations of Inclinometer 
peg time series do not exceed 0.5 and 0.8 within each plot 
r 0.5 r 0.8 n % 0.5 % 0.8 
Juncus 2 6 16 12.5 37.5 
Nard us 4 13 20 20.0 65 
Pteridium 0 3 13 0 23 
Call una 0 2 7 0 28.5 
Table 7.26 
Count data for sites with 2 values of less than 0.5 when a r 
,~""' ...... ..,_ .............. ""',..J h,...r. h ..... ,... ..... .,:..; +-+--...:1 ......... +-h- .-.---- ........... 
.L...J..l.i.\....U..o.. I,.. .I. \.,...lJ.U. .lU . .&.o.J Ut..,..\....,L.l .L...Ll...L.L.U. '-V I,..J.J. ..... U\.,.:.L..t..'-~ 
0.15 0.10 0.05 Total n % 
Juncus 10 7 5 22 58 38 
Nard us 10 13 16 39 65 60 
Pteridium 2 5 3 10 50 20 
Call una 2 0 4 6 25 24 
Total 24 25 28 77 
n 65 66 67 198 
% 37 38 42 39 
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Figure 7.35 Time series plot for Juncus vegetation. 
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Figure 7.36 Time series plot for Nardus vegetation. 
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Figure 7.37 Time series plot for Nardus vegetation 
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Figure 7.38 Time series plot for Nardus vegetation. 
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Figure 7.39 Time series plot for Nardus vegetation. 
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Figure 7.40 Time series plot for Juncus vegetation. 
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among instruments and exhibit a strong linear trend, for example, site 
2/3 (figure 7.39). 
A visual inspection of time senes plots often reveals the reason for 
poor agreement between instruments. For example, the plot of site 4/3 
shown in figure 7.37 shows a close agreement among the instruments with 
one or two small deviations which are sufficient to lower the coefficient 
between the 10 em and the .5 em pegs to 0.28. Note that a pronounced 
seasonal tendency is apparent. Figure 7.40 shows that site 2/1 has a 
similar annual trend. The majority of sites show no such seasonal influ-
ence; rather, a weak linear trend is evident. In order to test this assertion 
quantitatively, a linear function is fitted to the data using a least-squares 
method. 
7 .4.3 Fitting a linear model 
A linear model assesses the hypothesis that S.M .~1. responds as a 
function of time, thus: 
5. AI .lvl . = a · tim. e + b 
where a and b are empirical coefficients. 
The success of the model is given by r 2 ; the goodness of fit statistic 
from a least squares fit. Table 7.24 lists the r 2 values derived from a linear 
fit to all the Inclinometer peg time series. The results range from almost 
no variance explained by the linear. model, to almost all the variance 
explained. There are also notable differences in the success of the model 
when applied to different instruments within the same plot, for example, 
see figures 7.41 to 7.43. At site 2/4 the S em and 10 em pegs (r 2 values 
•) O.O;S L 0.03) show no discemi ble trend but the 15 em peg (r- = 0.48) 
:ohn\\"s R denr trend of dmvnslope muve!IH'nl with large oscillations about 
1 he t.rend. The some pal tern is evident at sites 2j.5 and 4/ l where the 
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Figure 7.41 Time series plot for Nardus vegetation. 
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Figure 7.42 Time series plot for Pteridium vegetation. 
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Figure 7.43 Time series plot for Juncus vegetation. 
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Figure 7.44 Time series plot for Pteridiurr. vegetation. 
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linear trend in the 15 em peg is strong ( r 2 values 0.80 + 0.87). The r 2 
statistic can be misleading, however, since the goodness of fit of a least 
squares linear equation is severely flffected by outliers. The pattern at 
site 3/2, figure 7.44, shows that all three pegs display similar temporal 
trends but the 10 em peg contains some large oscillations, which reduce 
the variance explained by a linear trend to 13.4% compared with 66% 
and 68% for the other pegs. Possible explanations for this response are:-
(i) that the process is non-linear in nature; 
( ii) that the series comprise both a general linear trend and a seasonal 
non-linear component. 
(iii) that deviations from linearity are random fluctuations. 
( iv) that differences in response are due to local site differences; m par-
ticular, vegetation effects or changes in soil properties. 
Table 7.27 lists the linear equations for all instruments. The magm-
tude of the trend, given by coefficient a, is stronger on average for the 
1.5 em pegs than for the 10 em pegs, and many of the .5 em pegs show a 
negligible trend. A decrease in the magnitude of coefficient a, is expected 
because of differences in peg length but this should not decline to near 
zero even in the presence of a very weak trend. Table 7.28, a subsample 
of table 7.27. illustrates the apparent absence of a linear trend in the 
5 em peg series of sites 7/2 and 7/5, whereas a weak trend for 5 em 
pegs at sites .5/2 and 9/8 can still be explained by a linear model. The 
table also shows that. a linear mode_l can be applied successfully to se-
ries from all vegetation classes but a closer inspection of the data, table 
7.27. suggests that vegetation class is important in determining the over-
all success of the model. For example, the pr•)})(>rti(Jn of sites in which 
1 he variance explnined by tlte modc>l doe~ lll'>t exceed 50% is similar for 
all t.hree instruments but quite diJT,,·rellt pr.->portions exist when the dat.a 
are divided into vegetation d<Jssf's.lv'nrdus ve,gdatiun has GO% of its sites 
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Table 7.27a 
LINEAR EQUATIONS FOR 15 em INCLINO~ffiTER PEG TIME SERIES 
Site Veg y = a.SLOPE + b 2 std error r 
1/1 J 0.39 25.01 0.57 61.59 
1/2 Pt 0.98 - 8.99 0.90 59.38 
1/3 Pt 0.82 80.00 
1/4 c 0.32 30.79 0.68 40.22 
1/5 Pt 0.34 36.17 0.66 44.98 
2/1 J 0.23 62.68 0.35 57.67 
2/2 J 0.20 32.45 0.42 44.55 
2/3 N 0.38 10.44 0.79 36.54 
2/4 N 0.32 - 22.43 0.48 64.06 
2/5 Pt 0.49 64.42 0.80 45.60 
2/6 J 0.22 30.34 0.39 51.93 
2/7 c 
3/1 Pt 0.34 27.09 0.69 41.50 
3/2 Pt 0.32 - 2.56 0.66 43.56 
3/3 N 0.24 49.18 0.37 58.71 
3/4 J 0.16 47.52 0.23 54.22 
3/5 Pt 0.46 43.71 0.74 51.11 
3/6 c 0.28 66.22 0.39 66.19 
3/7 c 0.32 - ""'" ,:.n n 7<; 14.41 .)U.uv v. (-
4/1 J 0. 77 - 11.61 0.87 54.18 
4/2 J 0.12 55.06 0.09 69.84 
4/3 N 0.51 16.74 0.58 80.40 
4/4 Pt 0.25 14.24 0.55 41.48 
4/5 Pt 0.44 5.58 0.80 33.26 
4/6 c 
5/1 J 0.50 - 16.73 0.65 68.51 
5/2 J 0.35 10.04 0.60 53.80 
5/3 J 0.34 - 41.96 0.55 46.86 
5/4 J 0.84 - 73.95 0.85 53.28 
5/5 N 
5/6 N 0.08 39.09 0.08 54.19 
5/7 N 0.20 36.84 0.34 51.33 
5/8 J 0.32 - 1-7.12 0.48 63.18 
5/9 Pt 0.44 - 42.22 0.72 51.26 
5/10 c 0.39 6.06 0.78 39.44 
6/1 J 0.32 53.04 0.48 62.30 
6/2 J 1.39 - 156.50 0. 72 162.38 
6/3 Pt 1.03 - 24.62 0.95 43.45 
6/4 Pt 0.42 6.48 0. 71 51.14 
6/5 Pt 0.35 - 0.06 0.45 73.55 
6/6 Pt 0.43 - 45.54 0. 71 51.15 
7/1 Pt 0.22 18.47 0.26 68.45 
7/2 Pt 0.37 11.52 0.78 38.01 
7/3 N -0.015 76.53 0.00 74.17 
7/4 N -0.03 - 9.98 0.02 41.33 
7/5 c 0.59 18.44 0.76 61.24 
7/6 c 0.35 25.01 0.48 67.22 
8/1 N 0.11 68.73 0.05 89.21 
8/2 N -0.02 15.31 0.002 78.49 
8/3 J 0.36 120.89 0.27 112.27 
8/4 N 0.27 - 43.64 0.56 44.71 
8/5 Pt 0.42 - 79.31 0.66 56.54 
8/6 c 0.45 - 24.04 0. 71 54.37 
/ ... cont 
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Table 7.27a 
LINEAR EQUATIONS FOR 15 em INCLINOMETER PEG TIME SERIES 
Site Veg y = a.SLOPE + b 2 std error r 
9/1 J 0.27 65.15 0.70 33.17 
9/2 J 0.51 55.41 0.80 48.28 
9/3 J 1.99 - 224.25 0.66 273.55 
9/4 J 
9/5 J 0.26 84.47 0.13 128.46 
9/6 J -0.12 47.25 0.02 145.80 
9/7 N 0.43 - 24.12 0.61 66.34 
9/8 N 0.49 19.47 0.86 27.04 
10/1 N 0.48 - 9.99 0.62 69.77 
10/2 N -0.63 129.91 0.29 183.63 
10/3 N 0.25 - 2.76 0.41 56.04 
10/4 N 0.34 - 12.06 0.65 47.43 
10/5 N 0.39 - 28.58 0.76 42.56 
10/6 N 0.37 - 34.96 0.74 42.44 
10/7 N 0.51 54.61 0.61 77.83 
10/8 N 0.39 48.97 0.67 53.33 
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Table 7.27b 
LINEAR EQUATIONS FOR 10 em INCLINOMETER PEG TIME SERIES 
SITE VEG Y = a.SLOPE + b l STD ERROR r 
1/1 J y = 0.13 - 1.20 0.90 8.18 
1/2 Pt y = 1.42 + 51.94 0.66 185.85 
1/3 Pt y = + 0.89 61.13 
1/4 c y = 0.17 - 0.25 0.61 24.58 
1/5 Pt y = 0.28 + 36.84 0. 76 29.80 
2/1 J y = 0.11 + 43.71 0.32 30.04 
2/2 J y = 0.28 - 9.06 0.83 23.64 
2/3 N y = 0.30 + 9.74 0.80 27.27 
2/4 N y = 0.03 - 16.09 0.03 31.73 
2/5 Pt y = 0.17 - 10.38 0.62 24.47 
2/6 J y = 0.43 - 23.30 0.93 21.52 
2/7 c y = 0.40 + 4.87 0.93 21.11 
3/1 Pt y = 0.15 - 24.07 0.57 23.92 
3/2 Pt y = 0.19 + 3.42 0.13 90.51 
3/3 N y = 0.05 + 23.08 0.07 37.96 
3/4 J y = 0.09 + 39.50 0.44 21.00 
'J../C, Pt y = 0.15 - 22.49 0.45 31.76 ~,-
3/6 c y = 0.17 . '} ') '· 0.50 31.83 -, ._o-.-r 
3/7 c y = 0.20 + 20.37 0.64 28./2 
4/1 J 
4/2 J y = 0.07 - 43.45 0.10 40.34 
4/3 N y = 0.12 + 37.49 0.13 55.92 
4/4 Pt 
4/5 Pt y = 0.25 - 15.40 0.79 19.45 
4/6 c y = 0.26 + 28.96 0.76 26.66 
5/1 J y = 0. 75 - 7.61 0.87 53.27 
5/2 J y = 0.12 - 0.64 0.74 13.69 
5/3 J y = 0.26 + 31.70 0.74 23.99 
5/4 J y = 1.06 + 30.12 0.84 71.70 
5/5 N y = 0.18 + 32.42 0.60 27.76 
5/6 N y ='0.15 + 18.28 0.64 20.88 
5/7 N y = 0.14 - 3.86 0.82 11.96 
5/8 J y =-0.29 + 26.28 0.36 72.02 
5/9 Pt y = 0.16 + 12.99 0.60 24.83 
5/10 c y = 0.25 + 30.95 0.79 23.83 
6/1 J y = 0.23 + 154.90 0.28 69.55 
6/2 J y = 0.75 + 3.80 0.93 37.81 
6/3 Pt y = -0.02 - 17.08 0.01 37.49 
6/4 Pt y = -0.31 + 89.15. 0.46 62.71 
6/5 Pt y = 0.23 - 1.30 0.80 21.29 
6/6 Pt y = 0.28 + 42.66 0.55 47.10 
7/1 Pt y = 0.12 + 14.34 0.68 15.70 
7/2 Pt y = 0.13 - 2.02 0.52 23.48 
7/3 N y = -0.08 + 84.66 0.04 76.99 
7/4 N y = 0.06 + 49.77 0.13 28.18 
7/5 c y = 0.13 + 0.15 0.59 19.73 
7/6 c y = 0.40 - 23.04 0.83 34.41 
I ... cont 
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Table 7.27b 
SITE VEG y = a.SLOPE -i· b 2 STD ERROR r 
8/1 N y = -0.0 + 78.95 0.04 58.48 
8/2 N y :::-0.10 + 98.04 0.10 54.43 
8/3 J y = -0.01 - 39.22 0.0007 66.43 
8/4 N y = 0.18 + 47.74 0.46 35.70 
8/5 Pt y = -0.72 + 225.15 0.30 204.55 
8/6 c y = 0.39 - 13.71 0.52 6.29 
9/1 y = 1.01 + 119.59 0.50 191.88 
9/2 y = 0.63 + 17.79 0.96 25.17 
9/3 y = 0.75 - 53.33 0.91 43.50 
9/4 
9/5 y = 0.25 - 42.57 0.13 123.05 
9/6 y = 1.43 - 55.17 0.91 83.54 
9/7 y = 0.01 - 10.96 0.05 11.49 
9/8 y = 0.24 + 19.20 0.84 14.61 
10/1 y = 0.17 + 19.95 0.65 23.46 
10/2 y = 0.36 - 23.44 0.75 39.14 
10/3 y = 0,33 + 61.26 0.69 41.18 
10/4 y = 0.08 + 5.88 0.29 23.55 
10/5 y = 0.03 + 17,?.7 0.02 40.81 
10/6 y = 0.06 - 36.18 0.08 41.75 
10/7 y = 0.27 + 15.99 0.57 45.11 
10/8 y = 0.05 + 65.06 0.03 55.57 
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Table 7.27c 
LINEAR EQUATIONS FOR 5 em INCLINOMETER PEG TIME SERIES 
Site Veg y = a.SLOPE + b 2 std error r 
1/1 J 0. 76 - 94.42 0.88 50.95· 
1/2 Pt 0.14 8.44 0.88 9.08 
1/3 Pt 0.42 141.94 
1/4 c 0.39 0.59 0.56 6.31 
1/5 Pt 0.19 6.98 0.90 11.73 
2/1 J 0.01 4.33 0.20 0.52 
2/2 J 0.08 - 7.04 0.52 13.78 
2/3 N 0.35 - 16.81 0.83 29.41 
2/4 N 0.01 1.03 0.08 9.66 
2/5 Pt 0.02 22.56 0.02 21.02 
2/6 J 0.10 - 2.16 0.80 9.53 
2/7 c 0.05 19.29 0.44 10.58 
3/1 Pt 0.06 1.05 0. 77 6.47 
3/2 Pt 0.18 9.01 0.68 23.62 
3/3 N -0.003 14.23 0.00 14.06 
3/4 J 0.06 10.35 0.54 10.00 
3i5 n._ 0.05 - 7.55 0.73 5.17 L '-
3/6 c 0.07 1~.43 0 1./, ......... 15.50 
3/7 c 0.002 0.93 0.01 4.57 
4/1 J 
4/2 J 0.05 3.84 0.43 10.87 
4/3 N 0.03 19.29 0.06 20.22 
4/4 Pt 0.05 - 2.45 0.82 4.31 
4/5 Pt 0.08 4.88 0.69 7.88 
4/6 c 0.08 13.24 0.62 12.08 
5/1 J 0.24 118.75 0.53 41.71 
5/2 J -0.02 - 9.37 0.31 4.93 
5/3 J 0.16 - 2.87 0.90 8.25 
5/4 J 0.40 - 44.53 0.92 17.89 
5/5 N -0.003 12.53 0.00 9.05 
5/6 N 0.07 18.88 0.49 13.71 
5/7 N 0.12 23.99 0.77 12.84 
5/8 J 0.21 17.38 0.60 31.67 
5/9 Pt 0.18 17.29 0.83 14.98 
5/10 c 0.13 - 7.33 0.67 17.77 
6/1 J 0.23 7.48 0.91 13.29 
6/2 J 0.08 18.14 0.10 46.16 
6/3 Pt 0.17 19.32 0.76 18.08 
6/4 Pt 0.16 - 5.00 0.90 9.68 
6/5 Pt 0.12 13.82 0.53 22.02 
6/6 Pt 0.001 7.61 0.00 8.12 
7/1 Pt 0.11 21.14 0.59 17.36 
7/2 Pt 0.08 - 7.73 0.65 11.01 
7/3 N -0.01 10.15 0.09 8. 79 
7/4 N 0.02 - 0.51 0.25 6.29 
7/5 c 0.06 - 0.04 0. 77 6.47 
7/6 c 0.002 2. 72 0.00 8.87 
8/1 N 0.18 4.29 0.89 11.34 
8/2 N -0.08 29.66 0.36 20.53 
8/3 J 0.13 5.56 0.52 23.57 
8/4 N 0.17 3.19 0.47 34.26 
8/5 Pt 0.29 107.17 0.54 50.45 
8/6 c 
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Table 7.27c 
LINEAR EQUATIONS FOR 5 em INCLINOMETER PEG TIME SERIES 
Site Veg y = a.SLOPE + b a std error r 
9/1 0.28- 13.71 0.67 37.78 
9/2 0.51 90.96 0. 77 53.05 
9/3 0.27- 21.71 0.85 21.19 
9/4 
9/5 0.28 - 1.65 0.92 15.69 
9/6 -0.03 1.37 0.16 14.86 
9/7 0.05 5.11 0. 71 5.63 
9/8 0.12 - 1.40 0.93 4.53 
10/1 0.11 15.23 0.32 28.78 
10/2 -0.03 14.65 0.13 14.99 
10/3 -0.12 54.10 0.15 50.34 
10/4 0.04 13.82 0.40 9.66 
10/5 -0.02 14.38 0.09 12.15 
10/6 -0.02 - 20.35 0.08 16.83 
10/7 0.14 - 5.75 0.90 9.01 
10/8 0.04 21.79 0.14 20.87 
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Table 7.28 
LINEAR EQUATIONS 
SITE VEG PEG Y = a.SLOPE + b 2 STD ERROR r 
5/2 J 15 ern 0.84 - 73.95 0.85 53.28 
10 ern 0.26 + 31.70 0.74 23.99 
5 ern 0.16 - 2.87 0.90 8.25 
7/2 pt 15 ern 0.37 + 11.52 0.78 38.01 
10 ern 0.13 - 2.02 0.52 23.48 
5 ern 0.08 - 7.73 0.65 11.01 
7/5 c 15 ern 0.59 + 18.44 0.76 61.24 
10 ern 0.13 + 0.15 0.59 19.73 
5 ern 0.06 - 0.04 0.77 6.47 
9/8 N 15 ern 0.49 + 19.47 0.86 27.04 
10 ern 0.24 + 19.20 0.84 14.61 
5 ern 0.12 - 1.40 0.93 4.53 
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•) 1 01 with r- values less than 0 .. 5, Ju.ncus s 10\.VS 38;o of sites poorly explained 
while Pterldinm and Calluna only give 20% and 2-±% respectively of 
sites poorly explained by the linear model. Stem and leaf plots allow the 
') pattern to be analysed in more detail, see figure 7.45. Low r- values of 
15 em peg data are mainly associated withNardus and Juncus vegetation 
classes. ]uncus , gives an even spread of r 2 values indicating that the 
model performs poorly for 1.5 em pegs. The other classes show distinct 
clustering of sites around r 2 values of 0.6 and 0.7 but all have negatively 
skewed distributions with theN ardus class having the lowest r 2 values. 
The 10 em and 5 em pegs show a consistent pattern for the Pteridi-u.m 
and Callu.na classes: however,Ju.ncus and Nardus behave differently. The 
') 
r- values improve as peg length decreases until only .5 sites give values 
less than 0 .. 5 in the 5 em peg chta.. •) On the other hand, the r- values 
decrease sharply with peg length for the Na.rdus class. Here only 6 sites 
') have r- values greater than 0 .. 5 in the .Scm peg data. 
These results suggest that the dense root mat associated with Nardu.s 
grassland species influences the movement. patterns. The depth to which 
S.M.M. is recorded does not seem to alter the temporal behaviour of 
the 1-u.ncus, PteridiumorCa.llnna sites but graphs of the data do reveal 
exceptions. For example, site 2/1 (figure 7.40), site 4/4 (figure 7.46) 
and site 7/6 (figure 7.4 7) have strong, apparently seasonal, patterns in 
J unctL~, Pte rid·iu m and Ca.llun a classes respectively. 
The procedure of summarising the time sf'ries clat a globally with a 
linear model is not ideal. The technique averages o;eas••nal components so 
that plotting residuals against the fitted line may gin' misleading results 
in t.he presence •)f outliers. A better approach fur summarising non-linear 
time series is to divide the data ink· a .sn"'olh trend component, and a. 
second rough compunent which indicate!) shurt term fluctuations from 
the I rene\ ( Tukcy l977). Tukey de!llonstrates the value of smoothing 
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Figure 7.45 Stem-and-leaf plots of 2 values of linear equations r 
fitted to Inclinometer Peg time series data. 
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Figure 7.46 Time series plot for Pteridium vegetation. 
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Figure 7.47 Time series plot for Calluna vegetation. 
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data senes usmg runnmg medians instead of the more usual method of 
runnmg means because the median is resistant to an isolated outlier 111 
a senes. 
7.4.4 §nn.oothin]g lby resistant methods 
Non-linear smoothing of time series data using running medians pro-
vides a method whereby a curve can be fitted to the data which sum-
marises the large scale trend without being adversely affected by isolated 
spikes. Residuals from the fitted smooth curve are termed the rongh 
component by Tukey ( 1977 ). Analysis of the rough component provides 
an important method of assessing the ability of the smooth curve to 
summ~rise Ed! thP important temporal patterns in the data. Velleman 
and Hoaglin ( 1981 )) in a review of smoothing algorithms, suggest an 
approach \'1.' hereby a series is smoothed progressively; at each step the 
previously smoothed sequence is resmoothed until the process yields no 
further changes. Typical smoothing sequences are running medians of 3, 
4 and 5. Running medians of 3 are only resistant to one spike; however, 
this is preferred to longer sequences in this case because of limited length 
of the series and because resmoothing provided an adequate method for 
removing the most obvious spikes in the data. 
A computer program was written, based on the algorithms of Velle-
man and Hoaglin ( 1981) and Tukey_ ( 1977)> to process the Inclinometer 
peg S.M.M. data using the technique of progressive smoothing. A list-
ing of the FORTRAN code used in this uperation is given in appendix 
A. The program began by smoothing each series by running medians of 
3. rcsmoolhing by running medians of :1 then finally smoothing with a 
running wf'ighted average (0.:25, 0 .. 5, 0.~5). The rough component is gen-
cr;t1cd by subt.ract.ing the smooth curve frClm the original data since the 
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model bas the form: 
data = smooth + rough. 
This method was found, by experiment, to summanse the senes 111 
a way that allows the smooth component to be compared with temporal 
changes in precipitation and shear strength. The rough component can 
then be analysed for any residual trend or pattern. 
For many sites, the effect of smoothing is to reinforce the impression 
of a linear pattern of movement. Site 3/7, for example (figure 7.48) dis-
plays a smooth linear trend for 15 em and 10 em Inclinometer pegs w bile 
the effect on the 5 em peg has been to remove all variation leaving an 
apparently stationary instrument. Site 1/3 (Pt.) also displays a strong 
linear trend in the raw data but the smoothed curve reveals evidence 
for seasonal non-linearity in the 1.S em peg and 5 em peg data (figure 
7.49). Table 7.29 lists the cross-correlation coefficients from fitting a lin-
ear model to the raw. smoothed and resicl ual data for site 1/3. This 
confirms that only the 10 em peg data retain a strong linear trend when 
smoothed. The table also shows the cross-correlations among precipita-
tion amount, shear strength and each of the instruments. The 1.5 em peg 
series in its raw and smoothed for~ correlate strongly with variation in 
shear strength through time; the strongest correlation being - 0.77 with 
the smoothed series. The 10 em peg smoothed data gives a weaker cor-
relation of -0.67 and the .5 em peg gives a very poor correlation of -0.33. 
Correlations with precipitation are w~ak for the 10 em and 5 em pegs but 
the 15 em peg shows moderate agreemt>nt ( -O.G8 with raw data). Most 
of the information which contributes t. .. this correlation is contained in 
tht> residual or rough component of til<" time series as this yields a coeffi-
cit>nt of .(1.1·;1:1. A plot of the rough c•.>mpuJH·nt is shown in figure 7.50 ancl 
the cross-currt>lations are sh()wn in t:-tl-de 1.29. 'The rough component of 
the series was tested for ranclt)mness since it 111igbt be supposed that the 
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Figure 7.48 Non-linear smoothing of site 3/7 (Calluna). 
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Figure 7.49 Non-linear smoothing of site 1/3 (Pteridium). 
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Figure 7.50 Residual component of time series from site 1/3. 
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Figure 7.50 Residual component of time series frof:l site 1/3. 
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Figure 7.50 Residual component of time series from site 1/3. 
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Table 7.29 Cross-correlation functions for raw, smooth and 
residual time-series data for sample 1/3. 
preciB shear_st IP-15 I P- 1 0 IP-5 
she a r _s t 0.38 
I P- 1 5 -0.681 -0.747 
I P- 1 0 -0.576 -0.504 0.880 
IP-S -0.407 -0.325 0.605 0.840 
SM- 15 -0.532 -0.771 0.909 0.826 0.472 
SM-10 -0.511 -0.672 0.836 0.922 0.756 
SM-5 -0.363 -0.328 0.548 0.823 0.973 
ROUGI-l-15 -0.660 -0.441 0.776 0.645 0.589 
ROUGH- 1 0 -0. 505· -0.115 0.693 0.827 0.721 
ROUGH-S -0.416 -0.240 0.599 0.681 0.825 
ROUGII- I 5 ROUGH- 10 
ROUGH-tO 0.751 
ROUGII-5 0.837 0.771 
SM- 15 SM-10 SM- S 
0.894 
0.496 0.793 
0.443 0.445 0.429 N 0.490 0.545 0.630 \0 
0.298 0.485 0.673 w 
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smooth component could account for systematic trencl,t he rough com-
ponent. being added random variation. As discussed previously, turning 
points are used to test against randomness in an oscillatory series and 
the number of positive first differences is used as a test. against linear 
trend. The results for site 1/3 are given in table 7.30 and show that 
the rough component is not significantly different from a random series 
but the different sign test suggests a weak trend in the residual data. 
Inspection of figure 7.50 reveals that most of the largest residuals for 
each instrument are associated with erratic movement during the winter 
months. This might be due to the effect of frost action in the soil or lying 
snow disturbing the protruding pegs. Severe disturbance is not evident, 
however, because the magnitude of the residuals is similar for all three 
inclinometer pegs. 
Site 2/7 (C) shows a strong linear trend in the 1.5 em and 10 em 
peg series, see figure 7 .51. Progressive non-linear smoothing, however, 
enhances a weak pattern of seasonal fluctuation superimposed upon a 
strong downslope movement trend. The 5 em peg shows no trend what-
soever when smoothed. Table 7.31 lists cross-correlation coefficients for 
precipitation, shear strength and S.M.M. time series and shows that a 
linear model gives a poorer fit with the smoothed series than with the 
raw data. At this site the residual variation in the series is strongly 
correlated with shear strength variation. This indicates that deviation 
from a linear downslope pattern is primarily associated with temporal 
variations in soil strength but other factors contribute to the trend seen 
in the smooth components of the 15 em and 10 em pegs. Precipitation 
amount is moderately correlated with the ra\\" and residual 1.5 em and 
10 em peg data which also suggests that the tiJldtt<~ti,:_,ns in the raw data 
have a physi,·nl cRuse and ar<:' not due to raJJd<\111 \"ariation alone. 
Site 2/1 (J), unlike the previous exC~mpl<:'s, is dominated by a seasonal 
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Table 7.30 Tests for randomness. 
Site 1/3 
15cm 10cm 5cm 
TPo 11 9 9 
TPE 10.67 10.67 10.67 
Diffo 6 5 5 
DiffE 8.5 8.5 8.5 
Table 7.32 Tests for randomness. 
Site 2/1 
15cm 10cm 5cm 
TPo 8 9 12 
TPE 10.67 10.67 10.67 
Diffo 4 5 6 
DiffE 8.5 8.5 8.5 
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Figure 7.51 Non-linear smoothing of site 2/7 (Calluna). 
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Table 7.31 Cross-correlation functions for raw, smooth and 
residual time-series data for sample 2/l. 
preci~ shear_st IP-15 I P- 10 IP-5 
shear_st 0.14 
IP-15 -0.152 -0.520 
IP-10 -0.136 -0.570 0.953 
IP-5 0. 150 -0.297 0.861 0.915 
SM-15 (). 103 -0.572 0.865 0.775 0.692 
SM- 10 0.212 -0.660 0.823 0.826 0.753 
SM-5 0.057 -0.306 0.882 0.871 0.906 
ROUGH-15 -0.396 -0.280 0.812 0.831 0.760 
ROUGH-10 -0.503 -0.165 0.626 0.706 0.649 
ROUGH-S 0.220 -0.221 0.647 0.761 0.883 
ROUGII- 1 5 ROUGH- 1 0 
ROUGH-tO 0.916 
ROUGII- 5 0.736 0.7118 
SM-15 SM-10 SM-5 
0.922 
0.838 0.845 
0.409 0.424 0.629 
0. ] 91 o.n83 0.456 N 
0.378 0.485 0.60ll \0 
-..J 
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rather than a linear trend. Figure 7.52 shows the effect of progressive 
smoothing of this series where the outcome is a smooth annual fluctuation 
with a weak downslope component in the 10 em and 15 em pegs. The 
seasonal trend in the 10 em and 15 em pegs correlat.esrnoderately with 
shear strength variations, -0.57 and -0.66 respectively. In this case the 
residual component does not appear to be associated with variations 
in either shear strength or precipitation amount. Correlograms illustrate 
that the correlations are weak and the response is not lagged. 
Plots of the residual variation show a fluctuating pattern with 
a period of between 2 and 4 months; however, there is little evidence of 
seasonal or systematic variation in these series .Table 7.32 indicates that 
the residuals are not significantly different from a random series. 
The three sites discussed above illustrate the spectrum of behaviour 
observed in the time series data for Inclinometer pegs. At. the extremes, 
plots either display a strong linear downslope trend with residual vari-
ation, associated with seasonal changes in soil strength, or they display 
a strong seasonal pattern of movement with a weak downslope compo-
nent; the seasonal component at these sites seems to be associated with 
variations in soil strength. The majority of sites contain some seasonal 
component but .Tuncus and Nardus dominated sites show the strongest 
seasonal in fl. uence. 
This suggests that the temporal variability of soil strength is ex-
tremely important for predicting movement at these sites; indeed, the 
highest residuals from median polish and regression analysis were asso-
ciated with ]uncus and Nardn$ sites. Ptrridium and Call-una dominated 
plots show less seasonal influence in their time series plots and so S.M.M. 
at these sites can be predicted more accurately from mt>asurements of soil 
properties taken at. any point in time. 
Non-linear smoothing techniques provide a powerful tool for 
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Figure 7.52 Non-linear smoothing for site 2/1 (Juncus). 
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analysing S.M.:V1. time series because of the importance of seasonal vari-
ation in soil and vegetation properties at each site. For example, it. might. 
have been expected that spring growth of bracken rhizomes may accentu-
ate movement or disturbance of Pteridium plots. There is some evidence 
for such a pattern at site 1/3 from the 1.5 em peg for example. Figure 
7.49 shows that the movement at this site occurs during the growth phase 
of PtEridinm in the spring and summer. 
Analysis of the rough or residual component of each senes allows 
quantitative comparison of fluctuations in the series with either random 
or physical variation in soil properties. The technique holds considerable 
promise for future measurement programmes which could examine the 
temporal variation in soil properties and behaviour in more detail. 
7.5 Summary of statistical analyses 
The design of the field experiment imposed a sampling scheme which 
reflects the maximum possible variability in slope angle and vegetation 
type within a small catchment area. The results, therefore, reflect that 
variability and do not typify a catchment area that is dominated by 
Calluna and relatively gentle gradient. 
Measurements were obtained from instruments which could record 
S.M.M. accurately and consistently at each site thereby allowing quanti-
tative comparison of relative movement rates among sites. 
A temporal component was added to the experiment by recording 
Inclinometer pegs and Anderson's tubes at monthly intervals in order to 
establish the nature of seasonal Huctuations in movemt'nt rate. 
The analysis of the experimental dat.a is based on several assump-
tions. First, it. is assumed tha.t. the cla.ta set will cunt a.in many unreliable 
data points. Second, the techniques adopted serve to explore patterns 
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and trends in the data rather than to test. specific hypotheses. 
In particular, the statistics used do not rely heavily on the assumption 
of aussian distribution of the data and where possible, techniques are 
robust to outlying or wild observations. 
The first stage of analysis was to model S.M.M. as the additive ef-
fect of gradient and vegetation cover at each site. When considered 
separately, neither the slope angle or the vegetation groupings could pro-
vide statistically significant differences using one-way analysis of vari-
ance. This was partly due to bias in the group means introduced by 
a few wild observations. However, a two-way additive model based on 
medians, rather than means, was capable of explaining about 50% ·of the 
observed variation for each instrument. The technique of median polish 
illustrates that. within each vegetation class, slope angle and S.M .M. are 
positively related. The N ardus grassland class shows the most unpre-
dictable movement patterns; it exhibits low rates on gent.le and steep 
slopes alike. 
Surprisingly, annual S .M .M. rates are not strongly correlated with 
measured soil variables, although weak correlations were found with phi 
skewness, shear strength, density of roots and with slope angle. In addi-
tion correlations with soil plasticity and % clay content were very weak. 
A linear trend was found to summarise the temporal patt.ern of In-
clinometer peg data at a large number of sites. In particular, sites dom-
inated by Ptcridiu.rn and Calluna vegetation exhibited linear downslope 
trends. At other sites, where ]uncus and Nardus \vere the dominant vege-
tation types, non-linear trends were most. evident and these were strongly 
correlated with temporal variations in soil shear strength. Nanlus sites 
showed the least downsl(lpe movement. a.ncl showed t.he strongest seasonal 
fluctuations. At several sites the .Scm Inclinometer pegs showed no dis-
cernIble downslope movement. This may be clue to the effect of dense 
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fibrous root networks binding the soil and producing an elastic response 
to expansion and contraction forces. 
Cross correlation analysis of instrument senes within plots and anal-
ysis of residual variation from non-linear smoothed curves suggests that 
deviations from linearity or a smooth trend do not represent random 
variation. Linear models appear to have limited success in explaining 
variation in the S.M.M. data·, however, when sites are grouped accord-
ing to vegetation cover then the association with slope gradient and soil 
shear strength becomes evident. The temporal patterns of S .M .M. are 
also strongly associated with vegetation cover type. 
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8.1 §patnal distribution of S.l\1.M. 
Field observations of S .l\1. M. rates in the Heathery Burn catchment 
area taken from Inclinometer pegs and from Anderson's tubes show that 
vegetation strongly influences the mechanical behaviour of the soil. This 
is in part explained by the ecological setting of each site, whereby the 
distribution of soil type and moisture content is controlled by the under-
lying geology and by the distribution of saturated soils. These are pre-
dominantly located in hillslope hollows and areas adjacent to the stream 
channel. 
Figure 8.1 shows the distribution of the maJor vegetation classes in 
the catchment. alea1 ancl figure 8.2 ~hows the spatial distribution of the 
measurement plots. There is a notable clustering of the plots because the 
experimental design attempts to sample a broad range of slope angles: 
steep angled slopes are notably clustered around the lower incisedpart of 
the catchment and around the breaks of slope associated with Picnd1um 
vegetation. The sample sites are also located on the path of hillslope 
profiles. Analysis of the experimental data in chapter 7 revealed an asso-
ciation between t.he sites with the largest movement rates and particular 
landforms such as lobes and scarp features behind lobes. Figure 8.3 shows 
the spatial distribution of S.M. M. volumetric rates taken from Anderson's 
tubes in a simplified form. The pattern of movement confirms the asso-
ciation bet ween vegetation type and S.M .M. rate described in chapter i. 
]n addition, however, high ntlt>s are also associated with distinct lobate 
features ·which may be single units of slowly deforming soil. There is evi-
dence of past landslide activity at several locations within the catchment 
area and some of the t.ubes showed reversed tilting wl1ic:h is difficult to 
oHribut.e to S.Jv] Jvl. but w·hich may be due to rotational deformation of 
\ 
\ 
Figure 8.1 Spatial distribution of major vegetation classes. 
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Figure 8.2 Location of instrument plots showing vegetation classes. 
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Figure 8.3 Spatial distribution of S.M.M. rate rreasured from Anderson's Tubes. 
Heathery Burn Catchment Area 
= Watershed boundary 
~---· Disused quarry 
x = J: = Disused railway 
0 mslres 200 
mm~yr1 
0-9 10-50 50+ 
ltl • • Nard us 
D D 0 Juncus 
@ • • 
Pteridium 
0 0 0 
\ 
% 
' ' ' .;o,. '\.' \ 0 
I I I 
/ I I { I I 
I I I \ I I 
I \ 
t 
\ 
\ ~ 
\ 
I 
I 
I 
l> 
0 
\ 
..... 
-......... , 
-------.......-.....__......._ 
........ 
...._ 
,, 
.., 
,, 
... , 
~· \ ,, 
,~ I 
H 
,, 
.., 
,, 
..,, 
,, 
.., 
,, 
.., 
,, 
..., 
,, 
.., 
~·\ 
~· \ 
:: \ 
,, 
t: \ 
.., 
~·") 
,, 
=:::} \. .......... 
, , 
I 
\ 
.... ... ........... 
': ..' ......... 
,, 
....... 
It-
.., ........ ~~ J?o 
,, -.., ........ 
w 
0 
!XJ 
309 
t.he soil mass at depth. These siies are missing from figure 8.3. 
The pattern of movement shown in figure 8.3 does not. represent. a 
simple cascade of sediment. transported downslope at. a rate determined 
by a function of gradient. The field experiment. described in Chapter 7 in-
corporates slope gradient. as an important. explana1ory variable, however, 
the experinwnt may not account for the adjustment. of slopes to a posi-
tion of relative stability, either to its angle of repose 01~ by the anchoring of 
soil by vegetation. Consider an imaginary stepped slope profile in which 
sediment is distributed evenly over the slope and the only transporting 
process is S.M.M. (see figure 8.4). The profile might develop initially 
·with high rates of movement associated with steep slopes, all other fac-
tors being equal, but through time the supply of transportable sediment 
will wane and so downslope gradients will gradually lessen as sediment 
accumulates in hollows and swales. Jn the latter case movement. rates 
become dependent upon the rate of removal of sediment from the base of 
the profile, but a realistic analog would also incorporate natural weather-
ing products and hydrological complexities. Although appearing simple, 
this model of slope evolution does highlight a number of interesting slope 
responses. 
( i) Soil consistency will change progressively downslope - probably with 
i1s size distribution becoming skewed towards the size range most. 
susceptible to S.M.M. 
(ii) \i\'here bluffs persist as landforms they retain high rates of S.M.lvl. 
which are only limited by the supply of transportable sediment. 
(iii) As hollo\\'s fill and gradients decrease, local moisture and slope fac-
tors become more important than slope angle in controlling rates of 
S.M.M. 
(iv) The rate ofSJvl.M. averaged over the profile will decrease unless sedi-
ment removed at the hRse of the slope m aint.ains graclien1 s sufficiently 
310 
Figure 8.4 Development of a hypothetical slope profile 
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steep to prevent sediment accumulation. 
If hillslope profiles in the Heathery Burn catchment area have devel-
oped in this way then the hi-factorial experiment described in Chapter 
7 will not account for the following geomorphological factors because it 
assumed slope angle and vegetatim1 cover to be additive effects. 
( i) Lovv rates of movement may be observed on steep slopes because the 
angle of repose has adjusted to course granular sediments. 
(ii) Very low rates of movement may occur on gentle slopes because the 
supply of susceptible sediment has become exhausted. 
(iii) Very high rates may occur on gentle slopes where stream InCISIOn 
removes basal material thus causing instability. 
Fluvial processes are difficult to quantify because they vary in mag-
nitude, intensity and persistence in both space and time. Predicting the 
activity of S.M .M. through time is as important as understanding its 
spatial distribution because its effectiveness as a denudational agent can 
only be considered in the long term. 
Figure 8.5 summarises the time series observed for an eighteen month 
measurement period for all vegetation and slope angle classes using 15cm 
Inclinometer pegs. The results of the time series analysis in chapter 7 
showed that many of the sites displayed linear trends but t.hat vegeta-
tion type strongly influenced this pattern. Fitting non-linear trends gave 
some evidence that short term variation in factors such as soil moisture 
and field shear strength could be import ant in understanding the details 
of the series. Frequency distributions for six selected time periods in tig-
ure 8.5 show a steady increase in mass movement through time. However 
the distributions show positive ske\':ness increasing with time showing a 
large spread of movement rates. The majority of sites sho\\' a consis-
tent pattern which suggests that a median annual rate of movemt>nl. is 
a meaningful r<'sult.. Future research might consider temporal variation 
Figure 8.5 
Frequency distributions of 15 em Inclinometer pegs for Sill 
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111 S.\1Jvl. in more detail smce the results obtained 111 tbis thesis suggest 
that. Inclinometer pegs give accurate and consistent measurements. In 
addition. non-linear smoothing of the series provides a useful t.ecbnique 
for examining the influence of soil and other physical variables on S.M .M. 
A maJor limitation of instruments which measure relative S.lvl.M. 
1s their inability to detect. accurate changes in movement with depth. 
Instruments that do allow estimation of the displacement-depth pro-
file, such as those developed by Young( 1960 ), Rudberg( 1962), Fin-
layson( 19 76) and Rashidian ( 198(.) ), are particularly valuable since the 
data can then be tested against theoretical models. Figure 8.6 shows 
four theoretical models of mass movement. These are based upon the 
assumption of uniform bulk density throughout the profile: apparent 
viscosity increases as a function of depth due to the weight of over bur-
den. Profile A, !!!1 exponcEtial decay curve, describes a process w hie h 
decreases in effectiveness from the air-soil interface representing distur-
bance events such as wetting and drying or freezing and thawing. Profile 
B, a modified exponential decay curve, describes a process where effec-
tive shear stress represents an important control over movement. (Carson 
and 1\irkby 1972). Profiles C and D represent. viscous flows with difFering 
boundary conditions. Profile C, although ident ira! in form t.o profile B. 
is derived from a viscous flow law (Allen 1982). Profile D represents a 
case where an abrupt. change in material imposes a sharp lower bound-
ary t.o the flow giving a region of shear flow and an upper region of plug 
flow (Allen ]0~2). Friction at. the air-soil boundary is assumed negligible: 
however, this might. not hold true were a snow or ice cover present. 
It is clear from figure 8.6 t.hat in t.he absence of distinct shear 
planes or complex boundary cone! it ions, t.he mechanisms of particu-
late shearing and viscous flowing cannot be separated using predicted 
displacement-depth proiiles. Hovveyer, cla.t.a we~ collect.ecl from Young's 
FIGURE 8.6 Four theoretically predicted soil movement - depth curves and four empirically 
derived curves from Young's pits. 
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pits (Young 1960) in order tc' examme the nature of depth profile in the 
catchment area. Considerable problems were encountered when recover-
ing the positions of the buried rods accurately. Each rod was inserted 
into the soil pit by passing it through a perspex plat.e which had each hole 
correctly positioned. The measurement procedure involved excavation of 
the rods and this seemed to be very imprecise. Four of the profiles for 
which most of the small welding rods were recovered are shown in figure 
8.6. The sites presented are all taken from the ]uncus vegetation class 
and from the third slope class. Therefore, they might be expected to 
sho·w similar profiles as well as uniformity of soil properties. The pits 
were left undisturbed for two years before re-excavat.ion. 
The recorded profiles show no c0nsistent agreement with any of the 
theoretical curves, but they indicate mean volun1etric rates of 200-300 
mm 2 /yr with most of the moVf"!!"lent ('onfiued to the upper 20cm of the 
soil profile. Maximum movement occurs between 5 and 10 em below 
the surface before declining sharply with depth. Near surface movement 
appears erratic, perhaps indicating instrument unreliability in this zone. 
This would lead to serious inaccuracies in soil displacement. estimation if 
the encl points were used in the calculation of volumetric movement. 
Movement mechanisms cannot be identified by comparing theoretical 
and empirical displacement-depth cunes at this site because more vari-
ance exists within the observed profiles than occurs among the theoretical 
profiles. 
Figure 8.7 summanses the empiric;d observations of S.M.M. in the 
Heathery Burn catchment area.. The data represent median volumetric 
movement from Inclinometer pegs and from Anderson's tubes. These 
instruments were selected to give a relative measurement of S.M.M. and 
so these rates cannot. be taken t.o represent t.he tot.almass movement. rates 
within the catchment. The diagram clearly indicates that Inclinometer 
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pegs g1ve larger readings than the tubes. The tubes are inserted to a 
depth of 30cm and so this suggests that the upper 15cm of the soil are 
most. import ant. for S .M .I\1. activity. Figure 8. 7 also summarises the 
importance of vegetation cover as a control over S.M.M. 
The following two sections describe stratigraphic and sedimentologi-
cal techniques which give supplementary evidence for S.M .M. activity 111 
the field and methods for assessing it.s activity experimentally. 
8.2 )Relative cRating of slope deposits 
Interpretation of slope deposits is often hindered by inadequate meth-
ods for assessing their age. Deposits in the H eat.hery Burn catchment area 
have been shown t.o have accumulated in hollows at the base of the slopes. 
Thf':'se may have Leen deposited there by ice of Devensian age; however, 
the stratigraphy will have been modified by downslope transportation of 
mate rial since deglaciation. 
At one site in the upper part of the catchment area an eroded stream 
bank revealed two dist in d. organic layers intercalated with dark brown 
silty clay sediment. These organic layers and the surrounding sediments 
were sampled for included pollen which could give an indication of the 
relative age of burial since the vegetation history of the Northern Pen-
nines has been documented in detail by previous researchers ( Raistrick 
and Blackburn 1932; Godwin 1975; Turner and Hodgson 1979, 1981). 
Several processes may account for the burial of these organic layers: 
( i) 0 rganic soil buried by solifluction deposits. 
(ii) Organic soil buried by accumulated wash and creep deposits 
(iii) The material may be a complex and include deposits of various ages. 
For example, bogburst events are known to deposit a mixed peat 
sequence over a wide area. 
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(iv) The organic material may represent channel deposits rt>lict. from pre-
vious lateral migration. 
(v) The material \\·hich buries the organic layers may have been derived 
from local disturbance caused by road or railway construction some 
1OOm upslope. 
Invest igat.ion of the pollen content in bot.h the organic and inorganic 
units in the sedimentary sequence should give an indication of the envi-
ronment at the time the soil was buried and the likely mode of deposition 
of the inorganic material. For example, soliflud.ecl material should not 
contain a high proportion of pollen since vegetation would have been 
sparse during the late-glacial. On the other hand, pollen could be in-
corporated into mineral soil by biotic mixing and by Hnough-flow if the 
r-elative rate of material deposition were slow. 
The stratigraphy of t.ht:- site C'GDsists of a basal material of dark brown 
clay silt; a black, well humified peat; a dark brown silty clay; a black, 
moderately humified peat; a thin coarse gravel deposit; a dark brown 
silty clay with some included sand lenses. Above lm the material was a 
silt clay sand. The section was cut back 30cm before being sampled in a 
monolith tin. 
All samples were prepared by standard procedures including pre-
treatment with NaOH and boiling in HF to remove silica then strained 
with Saphronin and mounted in silica gel. The slides were not fixed 
in order that grains could be rotated under the cover slip as an aid to 
identification. 
Lycopodinm spores were introduced as an exotic type of known con-
centration, to be used as a referencE' with which to compare the frequen-
cies of other taxa. This is termed absolute pollen analysis. 
Figure 8.8 is a diap;ram of pollen concentration for the buried soil 
horizon and acljncE'nt deposits. The bars on the diagram represent the 
Figure 8.8 Pollen concentration diagram for buried soil horizon and associated deposits. 
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mean pollen count and one stand end error either side of the mean. The 
diagram bas several notable features: 
( i) Generally low levels of pollen at all levels. 
(ii) The dominant taxon is Cnlluna uulga.ris which is associated with open 
moorland environments such as is present today. 
(iii J Pollen concentrations appear remarkably consistent throughout all 
the levels counted, within both organic and inorganic horizons. 
(iv) Tree pollen is virtually absent from all levels except the buried organic 
horizon. Of tree species counted, birch, oak and elm do not grow in 
the locality of Heathery Burn today but they are found in pollen rain. 
These results are most easily interpreted as a soil buried in recent 
times because of the abundance of Co ll11na pollen. In addition, the dia-
gram does not show levels which correspond with late or mid-Flandrian 
leYels in diagrams produced by Turner( 1979,1981). The abundance of 
shrub pollen, combined with the lack of tree pollen~ indicates that the 
soil must have been buried as the land has been extensively cleared of 
trees since iron-age times. No further detail can be derived without 
radio-carbon dating. 
A Yalley transect. across the catchment area following the lines of 
hillslope profiles 1 and 2 revealed the presence of hollows filled with fine-
grained sediments (see figure 8.9). This shows that. slope form has been 
considerably modified by fluvial processes since the late-Devensian and 
that infilling has occurred to a depth of several metres, particularly at 
the base of the slopes. Thin soils occur (see bore-holes 3, 7. &, 12 and 13) 
\\"here resist ant. sandstonE' benches outcrop and these are often associated 
with steep well-drained slopes. It is clear from figure 8.9 that steep 
gradiE'nts, associated with hollows and bluffs in the original lanclsurface, 
have been rt>clucecl through time as sediment. has accumulated in hollows 
and at 1lw base of the slope Fine matE'riRI in particular has accumulated 
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at i he base of these hollows. Fluvial processes have modified the form of 
the catchment and the grain size of the surface material: both of these 
factors affect S .M .M. rates. 
8.3 Expedmentatnon11 
Theoretical predictions of the movement of spheroi clal particles in a 
Yiscous medium were discussed in chapter 5 because they may provide 
a method of distinguishing among movement mechanisms. Techniques 
deri\'ed for other applications investigate the degree to w hicb the p_ri-
mary (o~ original) fabric of the deposit is altered by subsequent deforma-
tion. Fabric shape has been investigated by Mills( 1983) in the context 
, 
of S .M .M. using field observations. In this study it was decided to in-
shearing in the laboratory. The resultant fab:ic shape was not compared 
quantitatively with the original but visual comparison reveals interesting 
features which suggest that the techniques of micro-fabric analysis may 
be of value in further research. For example. figures 8.10 and 8.11 show 
scanning electron micrographs of a sandy-silt sample taken from site 2/1. 
The sample was taken directly from the field, from a depth of 30cm and 
its orientation carefully noted. A method of critical point drying was 
used to extract the moisture from the sample so that the structure of the 
fabric would not be disturbed by shrinkage during drying. Each sam-
Q 
ple was splutter coated with 10 A of gold to avoid a build up of charge 
un the sample surface. The rough nature of soil samples makes it difti-
cult t .. produce an even gold coating, which causes striping and focusing 
problt>n1s in the final images. Figure 8.11 shows this effect with 40J1m 
1m age:>. 
Figure 8.10 shows the fabric shape for the sample (site 2/1) imaged 
lwfore a strain-controlled direct. shear test as described in Chapter 6. 
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Figure 8.10 Scanning electron micrographs of soil sample 2/1 showing 
fine sand and silt particles embedded in an illite clay matrix. 
100~ 
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Figure 8.11 Scanning electron micrographs of soil sample 2/1 imaged 
following a strain-controlled creep-shear test showing dilation and 
disru tion of the fabric 
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T h<:> fabric consists of small san cl grains em becld<:>cl m a matrix of silt and 
clay particles. Th<:> clay coating on th<:> sand particles can be s<:>en on the 
40f.ll11 image as a wavy structure. The same sample was later imaged 
close to the shear plane after the test; this corresponds with figure 6.11. 
After shearing the sample shows evidence of considerable dilation and 
readjustment of tl1e fabric. In particular, the close-knit clay material has 
been disrupted and resembles a series of plates with variable orientations. 
The upper image of figure 8.11 shows an area where there is a large 
amount of pore space and few inter-connecting silt or clay platelets; this 
may represent a shear plane. However, the lower image is typical of the 
region around the shear plane showing cha <::>tic orientation. 
Experimental work in the laboratory should be directed towards iden-
tifying the typical micro-fabric response to physical processes likely to 
cause S.M.M. It is particularly important to investigate the behaviour 
of samples under stress conditions that would normally be found in the 
field. Engineering work on soil samples rarely considers the effect of long-
term application of low cleviatoric stresses~ however, such processes are 
of considerable importance in geomorphology. 
8.4 Conclusions 
This thesis has the follmving con elusions: 
( i) The terminology of mass movement processes is confusing and incon-
sistent: the term S.M .M. is a helpful descriptive term that does not 
imply that the mechanism causing movement is known. 
( ii) Laboratory simulation experiments of a shearing process usmg sam-
ples taken directly from the field show that soil fabric and plant 
rootlets play an important role in modifying soil strengtl1 by up to 
50%. 
326 
(iii) Strain-controlled direct shear testing proYides a useful tlnesholcl at. 
which the soil exhibits time-dependent yielding (yielcl stress). This 
can be comparecl with the stress state of field samples in order to 
analyse their susceptibility to S .T\1.M. in the field. 
(iv) In the field, a two-way additive linear model summarises S.M.M. 
rates thought to be influenced by slope angle and vegetation cover 
differences in the catchment area. The model is based on median 
measurements from Anderson's tubes and Inclinometer pegs taken 
from 1m 2 sample plots. This explains between 35% and 50% of the 
variabv·>'l in the data. 
( v) Vege~ation cover strongly influences the correlation between slope 
angle and S .M .M. This relationship is much clearer than in previous 
studies where analysis was not stratified by land-use Ot' vegetation 
cover. 
(vi) Correlations between S.M.M. rate and soil consistency variables are 
surprisingly weak. However, this might be explained in part by tem-
poral changes in soil consistency within the catchment area. For ex-
ample, measurements of soil shear strength at each sample site show 
considerable variation throughout. the time period of this research. 
(vii) Analysis of the temporal patterns of S.M .M. using Inclinometer peg 
da.t a. showed that the time-series of many sites could be explained 
by a linear model. On the other hand, sites which showed non-
linear behaviour (investigated using smoothing techniques) showed 
that. temporal variations in soil moisture aucl shear strength clearly 
af!.ect.ed S. M . M . 
The above results provide an insight into a much mis-understood 
geomorphological process. If landscape development is to be understood 
fully then the mechanics of mass movement. mus1 be investigated in more 
clet.ail. In addition, with the increasing exploitation of the landscape 
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by man, a clearer indication of the influence of variables, such as land-
use and land-cover, on slope processes is imperative. It is hoped that 
this research will stimulate closer investigation of the fundamental slope 
processes and thereby lead to a clearer understanding of their mechanisms 
and operation within the landscape. 
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APPENDIX A 
COMPUTER PROGRAMS 
The following programs were written in FORTRAN 77 
using IBM s FORTRANVS compiler on Durhams · Mi:chigan 
Terminal System. Graphics were developed using the 
PLOTSYS subroutine library and output was generated 
on a QMS800 laserprinter. 
IPLOT - Non-linear smoothing and plotting of time-series data 
ATPLOT- Calculates movement rates from Anderson's tube 
data using a least-squares method and plots the 
results. 
QQPLOT - Produces quantile - quantile plots from a generated 
Gaussian and an empirical distribution. 
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c---------------------------------------------------c 
c c 
c PLOTS INCLINOMETER PEG DATA TIHE SERIES c 
c D.N.H.DONOGHUE DURHAM 19/8/83. c 
c c 
c UPDATE 25/4/88 c 
c c 
c UNIT 1 DATA FILE c 
c UNIT 2 = OUTPUT FILE c 
c UNIT 9 = PLOT FILE c 
c------------------------------------------~--------c 
c 
c 
DIMENSION X(lOO),YL(lOO),YM(100),YS(100) 
DIMENSION TL(100),TM(100),TS(l00) 
REAL DX1(2)/l2.5,13.0/ 
REAL DY1(2)/4.5,4.5/ 
REAL DY2(2)/4.3,4.3/ 
REAL DY3(2)/4.1,4.l/ 
CHARACTER*lO TITLE 
CHARACTER* l CHAR . · 
INTEGER NPLOTS,M,SMOOTH 
PRINT *,'ENTER NO OF PLOTS: I 
READ(5,'(I2)' )NPLOTS 
PRINT ~,'ENTER NO OF DATA POINTS: ' 
READ ( 5 , I ( I 2 ) I ) M 
PRINT ~,'SMOOTH ?(Y/N): I 
READ(5,'(A)') CHAR 
IF(CHAR.NE.'Y') THEN 
ELSE 
SMOOTH=5 
END IF 
DO l K=l,NPLOTS 
100 FORMAT(24H DAYS LONG MED SHORT/(1X,F4.0,1X,3F6.1)) 
200 FORMAT('INCLINOMETER PEG TIME SERIES DATA') 
400 FORMAT('RAW DATA') 
500 FORMAT('S3R SMOOTH') 
600 FORMAT('S3R+HANN') 
700 FORMAT('S3R+HANN+HANN3') 
800 FORMAT(6X,3F6.1) 
WRITE(2,200) 
CALL REED(TITLE,X,YL,YM,YS,l8,TL,TM,TS) 
WRITE(2,'(AlO)')TITLE 
DO 2 I=l,SMOOTH 
1F(1.EQ.2)CALL SSR(YL,M,.TRUE.) 
TF(I.EQ.2)CALL SSR(YM,M,.TRUE.) 
IF(I.EQ.2)CALL SSR(YS,M,.TRUE.) 
IF(I.EQ.3) CALL HANN~YL,YM,YS,M) 
C IF(I.EQ.5) CALL S3R(YL,YM,YS,M) 
c 
IF(I.EQ.4) CALL RMEAN3(YL,YM,YS,M) 
IF(I.EQ.1) WRITE(2,400) 
IF(I.EQ.2) WRITE(2,500) 
IF(I.EQ.3) WRITE(2,600) 
IF(I.EQ.4) WRITE(2,700) 
C CALL PENCHG('BLAC') 
c 
WRITE(2,100)(X(J),YL(J),YM(J),YS(J),J=l,M) 
359 
CALL PLTSIZ(.S) 
CALL PLTOFS(0.,70.,-100.,100.,2.,2.) 
CALL PAXIS(2.,2.,'TIME IN DAYS' ,-12,10.0,0.0,0.0,70.0,1.0) 
CALL PAXIS(2.,2.,'FLUX (mm /mm)' ,13,5.0,90.0,-100.,100.0,1.0) 
CALL PSYM(1.65,4.75,.1,'3' ,90.,1,0) 
CALL PLINE(X(1),YL(1),M,1,1,0,1.0) 
CALL PLINE(DX1(1),DY1(1),2,1,1,0,0) 
CALL PLINE(X(1),YM(1),M,1,1,2,1.0) 
CALL PLINE(DX1,DY2,2,1,1,2,0) 
CALL PLINE(X(1),YS(1),M,1,1,11,1.0) 
CALL PLINE(DX1(1),DY3(1),2,1,1,11,0) 
CALL PALPHA('ROMAN.3' ,0) 
CALL PSYM(2.,8.,0.2,TITLE,0.0,10) 
C CALL PSYM(5.,8.,0.2,'INCLINOMETER PEGS V TIME' ,0.,24,0) 
IF(I.EQ.2) CALL PSYM(5.,8.0,0.25,'SMOOTHED S3R' ,0.,13,0) 
IF(I.EQ.3) CALL PSYM(5.,8.0,0.25,'SMOOTHED S3R+HANN' ,0.,18,0) 
IF(I.EQ.4) CALL PSYM(5.,8.0,0.25,'SMOOTHED S3R+HANN' ,0.,18,0) 
CALL PALPHA('STANDARD ',0) 
CALL PSYM(13.3,4.5,0.1,'15cm PEG' ,0.,8,0) 
CALL PSYM(13.3,4.3,0.1,'10cm PEG' ,0.,8,0) 
CALL PSYM(13.3,4.1,0.1,' 5cm PEG' ,0.,8,0) 
C CALL PGRID(1.,1.,15.,8.,1,1) 
CALL PLTEND 
2 CONTINUE 
1 CONTINUE 
STOP 
END 
c--------------------------------------------------c 
C SUBPROGRAMS C 
c--------------------------------------------------c 
c 
SUBROUTINE REED(TITLE,A,B,C,D,N,TL,TM,TS) 
DIMENSION A(N),B(N),C(N),D(N) 
REAL TL,TM,TS 
CHARACTER*10 TITLE 
READ(1,10)TITLE 
10 FORMAT(1X,A10) 
READ(1,20,END=9)(A(J),J=1,N) 
20 FORMAT(18F3.0) 
9 READ(l,30,END=91)(B(J),J=1,N) 
91 READ(1,30,END=92 )(C(J),J=1,N) 
92 READ(1,30,END=93 )(D(J),J=1,N) 
93 CONTINUE 
30 FORMAT(18F5.1) 
DO 1 K=1,N 
B(K)=(B(K)*112.5) 
C(K)=(C(K)*50.0) 
D(K)=(D(K)*12.5) 
1 CONTINUE 
DO 2 I=2,N 
TL=TL+(B(I)-B(I-1)) 
TM=TM+(C(I)-C(I-1)) 
TS=TS+(D(I)-D(I-1)) 
2 CONTINUE 
RETURN 
END 
SUBROUTINE SSR(A,N,CHANGE) 
INTEGER N 
c 
c 
c 
c 
c 
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REAL A(N) 
LOGICAL CHANGE 
REAL A1,A2,A3 
INTEGER NM1 
A2=A(1) 
A3=A(2) 
NM1=N-1 
DO 1 J=2,NM1 
A1=A2 
A2=A3 
A3=A(J+1) 
CALL MED(A1,A2,A3,A(J),CHANGE) 
1 CONTINUE 
RETURN 
END 
SUBROUTINE MED(X1,X2,X3,XM,CHANGE) 
REAL X1,X2,X3,XM 
LOGICAL CHANGE 
REAL A1,A2,A3 
Al=X1 
A2=X2 
A3=X3 
XM=A2 
IF((A2-A1)*(A3-A2).GE.O.O) 
CHANGE= .TRUE. 
XM=A1 
T ~I I 1\ J _ 1\ 1 \ ... I 1\ -:l- "'....., \ ,...."" I"'\ ,... \ 
..1.,1.. \\O.J h..i..J"~\n..J Cl.4:.)o\.J'.LoUoUJ 
XM=A3 
999 RETURN 
END 
SUBROUTINE S3R(A,B,C,N) 
DIMENSION A(N),B(N),C(N) 
N1=N-1 
DO 1 J=2,N1 
GOTO 999 
GOTO 999 
IF(A(J-1).GT.A(J)) CALL SORT(A(J-1),A(J)) 
IF(A(J-1).GT.A(J+1)) CALL SORT(A(J-1),A(J+1)) 
IF(A(J).GT.A(J+1)) CALL SORT(A(J),A(J+1)) 
IF(B(J-1).GT.B(J)) CALL SORT(B(J-1),B(J)) 
IF(B(J-1).GT.B(J+1)) CALL SORT(B(J-1),B(J+1)) 
IF(B(J).GT.B(J+1)) CALL SORT(B(J),B(J+1)) 
IF(C(J-1).GT.C(J)) CALL SORT(C(J-1),C(J)) 
IF(C(J-1).GT.C(J+1)) CALL SORT(C(J-1),C(J+1)) 
IF(C(J).GT.C(J+1)) CALL SORT(C(J),C(J+1)) 
1 CONTINUE 
RETURN 
END 
SUBROUTINE HANN(A,B,C,N) 
DIMENSION A(N),B(N),C(N) 
N1=N-1 
DO 1 J=2,N1 
A(J)=(A(J)+A(J+1))/2 
B(J)=(B(J)+B(J+1))/2 
C(J)=(C(J)+C(J+1))/2 
1 CONTINUE 
RETURN 
END 
c 
SUBROUTINE RMEAN3(A,B,C,N) 
DIMENSION A(N),B(N),C(N) 
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DO 1 J=2,N 
A(J)=(A(J-l)+A(J)+A(J+l))/3 
B(J)=(B(J-l)+B(J)+B(J+l))/3 
C(J)=(C(J-l)+C(J)+C(J+l))/3 
l CONTINUE 
RETURN 
END 
SUBROUTINE SORT(A,B) 
C=A 
A=B 
B=C 
RETURN 
END 
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c-------------------------------------------------------------------------c 
c c 
c 
c 
c 
c 
c 
c 
PROGRAM PLOTS ANDERSON TUBE DATA AS TIME SERIES 
N.B. PLOTS ARE BEST FIT LINES FROM RAW DATA 
D.N.M.DONOGHUE DURHAM 19/8/83. 
c 
c 
c 
c 
c 
c 
c------------------------------------------------------------------------c 
DIMENSION A( 50) ,A1(50) ,8(3) ,X(2) ,Y(2) ,P(50) ,2(50) ,Q(50) 
100 FORMAT(F7.2,F6.2) 
101 FORMAT(F7.2,F6.2) 
50 FORMAT( I B' ,3X, I A') 
102 FORMAT('GRADIENT 1 F10.2,'INTERCEPT'F10.2) 
103 FORMAT(F7.2,3F6.2) 
104 FORMAT('MEAN DEPTH OF MOVEMENT'F10.2) 
105 FORMAT('SUM OF INTERCEPTS'F10.2) 
106 FORMAT( IN I I2) 
107 FORMAT('VOLUMETRIC FLUX= 1 F10.2) 
N=O 
TCPT=O 
DO 1 I=1,20 
IF(I.GE.1.0) GOTO 77 
Z(I )=0. 0 
77 CONTINUE 
WRITE(6,50) 
DO 2 J=1,3 
READ(5,lOO,END~99)Al(J),6(J) 
A(J)=-A1(J) 
IF (I.NE.1) GOTO 8 
P(J)=A(J) 
A(J)=A(J)-A(J) 
WRITE(6,101)8(J),A(J) 
GOTO 2 
8 Q(J)=A(J)-P(J) 
WRITE(6,101)B(J),Q(J) 
2 CONTINUE 
SUMXY=O 
SUMXY=O 
SUMX=O 
SUMY=O 
XSQR=O 
OX=O.O 
OY=O.O 
AREA=O.O 
c------------------------------------------------------------------------c 
c c 
C REGRESSION CALCULATIONS C 
c c 
c------------------------------------------------------------------------c 
DO 3 J=1,3 
A(J)=A(J)-P(J) 
IF (I.EQ.1) GOTO 33 
SUMXY = SUMXY + A(J)*B(J) 
SUMX =SUMX +A(J) 
SUMY = SUMY + B(J) 
XSQR = XSQR + A(J)*A(J) 
3 CONTINUE 
AA = (SUMXY - SUMX * SUMY /3.0)/(XSQR-SUMX*SUMX/3.0) 
IF(AA.NE.Q.O)GOTO 44 
BB=O.O 
GO TO 55 
44 BB=(SUMY-AA*SUMX)/3.0 
IF(BB.GE.O.O)GO TO 22 
55 TCPT=TCPT+BB 
N=N+1 
22 CONTINUE 
C END OF CALCS 
c 
C WRITE OUTPUT 
c 
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20 FORMAT(' X1,Y1'8X,'X2,Y2') 
WRITE(6,102)AA,BB 
c 
C PLOTTING COORDS 
c 
33 Y(1)=B(1) 
Y(2)=B(3) 
IF(AA.NE.O.O) GOTO 9 
X(1)=A(1) 
X(2)=A(3) 
GOTO 7 
9 IF(I.NE.1) GOTO 6 
X(1)=0.0 
X(2)=0.0 
GOTO 7 
6 CONTINUE 
v/1 \-llv/1 \_on\ 11\1\\ 
,1..:~~. \ ""'-I-\ \ .L \ .J.. I .uu II nn I 
X(2)=((Y(2)-BB)/AA) 
7 CONTINUE 
WRITE(6,20) 
WRITE(6,103)X(1),Y(1),X(2),Y(2) 
c-----------------------------------------------------------------------------
c AREACALCULATION 
c-----------------------------------------------------------------------------
OX=A(1) 
OY=-BB 
WRITE(6,200)0X 
WRITE(6,300)0Y 
200 FORMAT('OX I ,F10.2) 
300 FORMAT('OY I ,F10.2) 
AREA=0.5*(0X*OY) 
WRITE(6,107)AREA 
Z(I)=Z(I)+AREA 
WRITE(6,108)Z(I) 
108 FORMAT('CHANGE IN FLUX=' ,F10.2) 
IF (I.NE.1) GOTO 5 
c------------------------------------------------------------------------c 
c 
c 
c 
PLOTTING ROUTINE 
c 
c 
c 
c------------------------------------------------------------------------c 
CALL PLTOFS(-0.5,0.1,-10.0,2.0,1.0,1.0) 
CALL PAXIS(1.0,1.0,'DEPTH (CM)' ,10,5.0,90.0,-10.0,2.0,1.0) 
CALL PAXIS(1.0,6.0,'DISTANCE (CM)',13,10.,0.0,-0.5,0.1,1.0) 
CALL PALPHA('ROMAN.3' ,0) 
CALL PSYM(1.,7.,0.2,'SITE 1/2' ,0.0,8) 
CALL PALPHA( 'STANDARD ',0) 
5 CONTINUE 
CALL PLINE(A(1),B(1),3,1,-1,I,1.0) 
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CALL PLINE(X(l),Y(l),2,l,O,O,l.O) 
l CONTINUE 
99 CONTINUE 
WRITE(6,105)TCPT 
C=TCPT/N 
WRITE(6,106)N 
WRITE(6,104)C 
CALL PLTEND 
STOP 
END 
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c-----··--------------------------------------------------------------c 
C Q-Q PLOTTING C 
c c 
c DATAl= GENERATED GAUSSIAN DISTRIBUTION *READ FRGM CHANNEL 1~> c 
c c 
c DATA2= EMPIRICAL DISTRIBUTION ~>READ FROM CHANNEL 2« c 
c Nl = 100 c 
c N2 = 56 c 
c D.N.M.DONOGHUE DURHAM 21/3/84 c 
c c 
c--------------------------------------------------------------------c 
c 
c 
DIMENSION DATA1(lOO),DATA2(lOO),QDAT2(100) 
INTEGER Nl,N2 
PRINT *,'ENTER NO OF GAUSSIAN DATA POINTS' 
READ(*,'(BN,I4)Nl 
PRINT *,'ENTER NO OF EMPIRICAL DATA POINTS' 
READ(*,'(BN,I4)N2 
CALL REED(DATAl,N1) 
CALL RED(DATA2,N2) 
CALL QSRT(DATAl,N1) 
CALL QSRT(DATA2,N2) 
CALL NQUANT(DATA1,QDAT2,N1,N2) 
DO l I=1,N2 
WRITE(6,100)DATA2(I),QDAT2(I) 
100 FORHAT(2F8.2) 
1 CONTINUE 
CALL QQPLT(DATA2,QDAT2,N2) 
STOP 
END 
SUBROUTINE REED(X,Nl) 
INTEGER Nl 
REAL X(Nl) 
100 FORMAT(F6.2) 
DO 1 I=l,N1 
READ(1,100,END=99)X(I) 
1 CONTINUE 
99 CONTINUE 
RETURN 
END 
SUBROUTINE RED(X,N2) 
INTEGER N2 
REAL X(N2) 
100 FORMAT(F7.2) 
DO l I=l,N2 
READ(2,100,END=99)X(I) 
l CONTINUE 
99 CONTINUE 
RETURN 
END 
SUBROUTINE QSRT(Y,N) 
C ROUTINE FOR QUICK SORT ONLY 
C USE ONLY SMALL DATA SETS <100 ELEMENTS!!·! 
INTEGER N 
REAL Y( N) ·· 
INTEGER I,J,J1,GAP,NMG 
REAL TEMP 
c 
GAP=N 
20 GAP=GAP/2 
NMG=N-GAP 
DO 40 J1=1 1NMG 
I=J1+GAP 
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C DO J=J1,1,-GAP 
c 
c 
J=J1 
30 IF(Y(J).LE.Y(I)) GOTO 40 
TEMP=Y(I) 
Y(I)=Y(J) 
Y(J)=TEMP 
I=J 
J=J-GAP 
IF(J.GE.1) GOTO 30 
40 CONTINUE 
IF(GAP.GT.l) GOTO 20 
RETURN 
END 
SUBROUTINE NQUANT(X 1X1 1N11N2) 
INTEGER N1 1N2 
REAL X(N1) 1X1(N2) 
REAL Q 
DO 1 J=1 1N2 
Q=INT(Q+SIGN(0.5 1Q)) 
X1(J)=X(Q) 
100 FORMAT(F6.2) 
WRITE(6 1100)X1(J) 
1 CONTINUE 
RETURN 
END 
SUBROUTINE QQPLT(X 1Y1N) 
INTEGER N 
REAL X ( N ) I y ( N ) 
CALL SCALE(X 1N1XMINIXF) 
CALL SCALE(Y 1N1YMIN 1YF) 
CALL PLTOFS(YMIN 1YF 1XMIN 1XF 11. 11.) 
CALL PAXIS(1.11.,'NORMAL QUANTILES' 1-16,6.0,0. 1YMIN,YF,1.0) 
CALL PAXIS(1.,l.,'SOIL DEPTH' 11016.0,90.1YMIN 1YF,l.O) 
CALL PLINE(Y(1),X(1),N 11 1-1,3,1.0) 
CALL PENUPS(YMIN,XMIN) 
CALL PENDN(7.0,7.0) 
CALL PENUP(1.0 17.0) 
CALL PENDN(7.0 17.0) 
CALL PENDN(7.0 1l.O) 
CALL PSYM(l. 17.5 10.2 1'Q-Q PLOT N=' 10.0 112) 
CALL PSYM ( 3. I 7. 5 I 0. 2 I' 69' I 0. 0 I 2) 
CALL PLTEND 
RETURN 
END 
SUBROUTINE SCALE(X1N1NMIN1NF) 
INTEGER N 
REAL X(N) 1NMIN 1NMAX 1NF 
CALL QSRT(X 1N) 
NMIN=X(1) 
NMAX=X(N) 
NF=(NMAX-NMIN)/6 
RETURN 
END 
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APPENDIX R 
Cumulative particle size distribution curves fat all samples. 
Graphical measures were calculated from the following percentiles-
MEAN - ( 75 + 50 + 25 ) I 3 
MEDIAN - 50 
SKEWNESS - (( 84 - 50 ) I ( 84 - 16 )) - (( 50 - 10 ) I ( 90 - 10)) 
SORTING - ( 90 + 80 + 70 - 30 - 20 - 10 ) I 5.3 
KURTOSIS- ( 90- 10 ) I ( 1.9 ( 75 - 25 ) ) 
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APPENDIX C 
Engineering drawing of strain-controlled direct-shear 
apparatus described in Chapter six. 
This shear-box equipment was designed by the author and 
constructed by Mr. A. Swan of the Engineering Geology 
Department. The measurement apparatus, linear motion 
transducers and chart recorders were kindly loaned by 
the Engineering Geology D~partment. The construction of 
the shear-box was financed by the Department of Geography. 
@ 
@ 
Application 
STRAIN-CONTROLLED DIRECT SHEAR APPARATUS. 
@ 
I.-
-
v 
f------(/ 
Hanger for applying 
normal load 
0 
@ 
@ 
plate 
50 100 
millimeters 
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APPENDIX D 
The appendix contain tables and grap~of the raw data 
collected during the eighteen month measurement period. 
The time series curves presented are the remainder of the 
sites which were not shown in Chapter Seven. The curves were 
produced using the IPLOT progam described and listed in 
appendix A. 
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Raw data for Anderson's Tubes - total movement for 604 days. 
Depth Surface Volumetric Goodness of fit Direction of 
movement flux movement 
2 2 degrees mm em mm r 
1/1 - 13.70 0.177 12.113 0.997 22 
1/2 -479.5 0. 722 173.088 0.996 32 
1/3 -169.5 0.112 9.455 0.957 11 
1/4 -188.5 0.066 6.199 0.889 45 * 1/5 -325.0 0.073 11.907 0.976 51 * 
2/1 -144.6 0.699 50.551 0.910 58 * 2/2 -319.2 0.028 4.416 0.923 27 
2/3 -329.2 0.196 32.345 0.089 48 * 2/4 - 61.9 0.021 0.650 0.955 0 
2/5 -155.4 0.396 30.812 0.999 34 
2/6 245.9 0.102 12.500 0.871 27 
2/7 195.9 0.237 23.236 0.991 0 
3/1 66.1 0.053 1.760 0.882 14 
3/2 137.0 0.036 2.449 0.998 27 
3/3 790.4 0.059 23.204 0.942 31 
3/4 103.3 0.031 1.601 56 .... ... 
3/5 70.4 0.076 2.675 1.000 23 
3/6 154.8 . 0. 209 16.197 0.991 43 * 
3/7 28.4 0.033 0.467 0.977 45 .... ... 
4/1 267.2 0.465 62.124 12 
4/2 357.3 0.155 27.661 0.923 78 * 
4/3 no tilt 24 
4/4 reverse tilt 27 
4/5 296.6 0.350 51.905 1.000 4 
4/6 239.1 0.064 7.608 0.939 22 
5/1 229.4 0.444 50.892 0.998 7 
5/2 355.5 0.224 39.816 27 
5/3 reverse tilt 18 
5/4 143.9 0.276 19.845 0.976 23 
5/5 636.5 0.090 28.552 0.993 14 
5/6 653.8 0.085 '27. 786 45 * 5/7 653.4 0.041 13.450 0.999 76 * 5/8 reverse tilt 0 
5/9 no tilt 48 * 5/10 145.4 0.088 6.427 0.987 68 .... .,. 
6/1 reverse tilt 29 
6/2 107.7 0.330 17.755 0.999 19 
6/3 273.2 0.162 22.125 0.997 11 
6/4 457.1 0.028 6.501 0.964 45 * 6/5 242.2 0.270 32.708 0.995 6 
6/6 840.0 0.252 105.840 28 
7/1 391.7 0.139 27.166 0.960 20 
7/2 122.7 0.281 17.255 0.982 34 
7/3 reverse tilt 14 
7/4 reverse tilt 47 
* 7/5 97.6 0.141 6.900 0.966 90 
* 7/6 80.7 0.082 3.289 0.999 30 
contd. 
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Depth Surface Volumetric Goodness of fit Direction of 
movement flux movement 
2 l degrees mm em mm r 
8/1 no tilt 26 
8/2 41.9 0.021 0.431 0.855 45 * 8/3 28.9 0.070 1.154 0.959 84 * 8/4 500+ 0.280 139.921+ 0.999 0 
8/5 120.2 0.111 6.653 0.836 63 
* 8/6 127.6 0.115 14.616 0.847 31 
9/1 reverse tilt 27 
9/2 77.2 0.126 4.852 0.989 21 
9/3 175.3 0.368 32.291 0.999 2 
9/4 550.0 0.022 60.500 0.750 3 
9/5 263.1 0.534 70.270 0.999 34 
9/6 293.5 0.540 79.304 0.994 20 
9/7 77.0 0.125 4.825 0.996 37 
9/8 reverse tilt 51 
* 
10/1 194.9 0.063 6.161 0.832 68 * 10/2 296.0 0.088 13.060 0.839 27 
10/3 450.0 0.090 20.250 1.000 7 
10/4 86.7 0.085 3.685 56 
* 10/'1 r~=>verse tHt 0 
4jb 
Raw data for Inclinometer Pegs - total movement for 604 days. 
15 em 10 em 5 em VEG SLOPE ROOTS 
1/1 135 355.0 67.5 J 2 5 
1/2 630 690.0 85.0 p 2 2 
3 281.25 170.0 47.5 p 1 2 
4 146.25 65.0 23.75 H 1 1 
5 191.25 165.0 115.0 p 2 1 
2/1 157.5 95.0 18.75 J 2 5 
2 112.5 140.0 56.25 J 2 2 
3 168.75 185.75 153.75 N 1 5 
4 45 -15.0 7.5 N 1 1 
5 371.25 95.0 33.75 p 2 3 
6 157.5 245.0 47.5 J 1 5 
7 416.25 245.0 47.5 H 2 2 
3/1 202.5 45.0 40.0 p 1 2 
2 135 97.5 p 1 1 
3 191.25 13.75 N 2 2 
4 123.75 80.0 23.75 J 1 4 
5 292.5 80.0 26.25 p 1 1 
6 135 135.0 70.0 H 2 1 
7 146.25 105.0 2.5 H 1 3 
4/1 405 J 1 5 
2 33.75 J 2 2 
3 258.75 130 N 3 2 
4 180 26.25 p 1 1 
5 85.0 p 3 2 
6 170 75.0 H 2 1 
5/1 180 375.0 216.25 J 4 5 
2 157.5 55 -16.25 J 1 5 
3 68.75 J 3 5 
4 570.0 168.75 J 4 5 
5 130.0 7.5 N 1 3 
6 56.25 125.0 45.0 N 1 3 
7 112.5 70.0 78.75 N 1 2 
8 202.51 -200.0 131.25 J 1 5· 
9 270 115.0 128.75 p 2 3 
10 202.51 165.0 86.25 H 1 
contd. 
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15 em 10 em 5 em Veg Slope Roots 
6/1 303.75 270.0 145.0 J 1 3 
6/2 866.25 385.0 J 1 2 
6/3 573.75 15.0 97.5 p 3 3 
6/4 236.25 -130.0 90.0 p 3 2 
6/5 225.00 115.0 67.5 p 3 3 
6/6 157.50 230.0 15.0 p 3 2 
7/1 78.75 85.0 68.75 p 3 3 
7/2 202.50 40.0 33.75 p 3 3 
7/3 -7.5 N 2 1 
7/4 0.00 55.0 7.5 N 2 1 
7/5 360.00 60.0 27.5 H 4 2 
7/6 202.50 200.0 H 4 2 
8/1 111.25 N 2 2 
8/2 11.25 -21.25 N 2 2 
8/3 247.50 88.75 J 1 1 
8/4 112.50 155.0 115.0 N 2 2 
8/5 281.25 -300.0 247.5 p 3 3 
8/6 247.50 210.0 16.25 H 4 3 
9/1 213.7 760.0 213.8 J 1 3 
9/2 315.0 365.0 346.2 J 1 4 
9/3 1260.0 390.0 131.3 J 1 4 
9/4 J 1 3 
9/5 281.3 230.0 146.2 J 1 4 
Yio -22.::> 710.0 0.0 J l 4 
9/7 202.5 -10.0 31.3 N 2 2 
9/8 35.0 28.8 N 2 2 
10/1' 191.2 100.0 46.2 N 2 4 
10/2 -483.8 170.0 N 2 4 
10/3 101.2 215.0 -93.8 N 2 4 
10/4 135.0 30.0 36.2 N 2 3 
10/5 180.0 2.5 N 2 4 
10/6 168.8 -30.0 -53.8 N 2 4 
10/7 337.5 210.0 80.0 N 2 3 
10/8 258.8 100.0 57.5 N 2 3 
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